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ABSTRACT 
While they lack mammal-specific organs, zebrafish provide a high degree of 
resemblance in their genetic profile, molecular mechanisms and organ physiology to humans 
and have been established as an excellent complementary platform to rodents. However, their 
use in gastroenterology and hepatology is under-utilised, conceivably due to a lack of 
digestive system ultrastructural details as most anatomical studies were performed by light 
and fluorescence imaging. This thesis provides detailed insights into the structure and 
function of the zebrafish digestive system, particularly the liver.  
Multimodal bio-imaging approaches were developed in order to investigate the 
hepatic ultrastructure and function. Using a protocol that renders samples compatible with 
multiple imaging platforms, we produce a detailed map of the zebrafish gastrodigestive 
system from organ to subcellular levels. Findings were compared with the rodent/human 
counterparts and while some differences exist between the zebrafish and the rodent/human 
hepatic parenchymal cells and biliary system organisations, many similarities, at the 
sub/cellular levels, were also demonstrated. Using advances in genetics and a protocol that 
retains endogenous fluorescence within zebrafish at the same time as ultrastructure for 
electron microscopy, we further investigated key hepatic functional properties (e.g. 
macromolecular transport routes) by performing albumin injections and studying the liver 
macrophages.  
While we demonstrated similarities in the albumin uptake pathway and in the 
morphology of liver macrophages in zebrafish, we reveal that zebrafish liver macrophages 
lack of phagocytic function (a key aspect in rodents and human), which may limit their use in 
hepatic-immune diseases studies.  
Altogether, our studies provide new insights and novel protocols for the analysis of 
the zebrafish liver and lay a foundation to further evaluate uptake routes for gastro-digestive 
research and drug delivery in various diseases. 
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ACRONYMS & ABBREVIATIONS 
Acronyms and abbreviations used in this thesis that are not common standard 
abbreviations of the Oxford English Dictionary or part of the International System of Units 
(SI) are listed below: 
 
2D  two-dimensions 
3D  three-dimensions 
approx.  approximately 
CLSM  confocal laser scanning microscopy 
CLEM  correlative light and electron microscopy 
DAB  3,3’-Diaminobenzidine 
dpf  days post-fertilisation 
egfp  enhanced green fluorescent protein 
EM  electron microscopy 
FLM  fluorescent light microscopy 
hpf  hours post-fertilisation 
LSEC  liver sinusoidal endothelial cells 
max.  maximum 
micro-CT micro-computed tomography 
min.  minimum 
mpf  months post-fertilisation 
mpi  minutes post-injection 
SEM  scanning electron microscopy 
TEM  transmission electron microscopy 
TET  transmission electron tomography 
wpf  weeks post-fertilisation 
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CHAPTER 1: GENERAL INTRODUCTION 
1 The liver architecture 
According to The American Heritage® Medical Dictionary (2007), the human digestive 
system includes all the organs that play the fundamental and essential roles of consuming and 
digesting food, absorbing nutrients and expelling waste. This is defined as the 
gastrointestinal tract (a tract composed of the oesophagus, stomach, intestine and rectum) 
and the accessory digestive glands (the liver, the pancreas and the gallbladder). The liver is 
the largest of the digestive glands in mammals, the heaviest internal organ (weighing approx. 
1.5 kg, equivalent to 2.5% of the body weight) and plays a pivotal role in both metabolism 
and excretion (Abdel-Misih and Bloomston, 2010), from the production of hormones and bile, 
to the storage of lipid and detoxification.  
The liver units’ morphology, organised as highly vascularised lobules, gives insights 
into its physiological functions. A parallel blood supply feeds the liver: i) the hepatic portal 
vein contributes to 70-75% of blood flow and transports oxygen-poor nutrient-rich venous 
blood from the abdominal viscera and ii) the hepatic arteries, contributing to the rest of the 
blood flow and transporting oxygen-rich nutrient-poor arterial blood (Figure 1). This means 
waste products needing “cleaning” as well as nutrients absorbed during digestion needing 
storage can both reach the liver while the liver itself gets oxygenated and supplied with 
nutrients at the same time. The vein and arteries enter the liver and divide into small 
capillaries, the smallest ones called sinusoids. The structure of sinusoids is highly specialised 
with the presence of a fenestrated endothelial lining controlling the level of bidirectional 
permeability between the blood capillaries and the surrounding liver tissue (Wisse, 1970). 
The sinusoids, the endothelial lining and the space of Disse form the liver functional unit or 
liver sinusoidal unit (see section 1.2).  
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Figure 1: Anatomy of the liver (brown) and its circulatory system: the portal vein (purple) bring nutrients that need 
storage from digestion and the hepatic vein (blue) provides the oxygen to the liver cells. The gallbladder is shown in green 
(MediVisuals, Inc, 2007) 
 
 
 
Figure 2: Diagram of the liver at different scales: from the organ to the lobular and radial cellular organisation 
(IOPScience, Physics in Medicine & Biology, 2014).  
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1.1 The liver parenchymal cells 
Hepatocytes are the liver chief cells, making up the 80% of the liver volume and 60% of the 
total cell number (Imamura et al., 1991). They are organised in radial plates of one or two 
cells thicknesses, separated by sinusoids and supported by a network of collagen (Figure 2). 
With a regenerative ability, these cells are responsible for the production of hormones, the 
bile (see section 1.3), as well as lipoproteins (e.g. albumin) via their numerous mitochondria, 
extensive rough endoplasmic reticulum and Golgi apparatus.  
1.2 The liver sinusoidal unit 
The liver sinusoidal unit is a functional histological unit comprised of the sinusoids, the 
endothelial lining and the space of Disse with the microvillous surface of hepatocytes.  
1.2.1 The liver sinusoids 
The liver sinusoids are the smallest capillaries in the body (approx. 8.5 µm in diameter in the 
rat), branching out from the portal vein and the liver arteries (Figure 2). Their main role is to 
carry blood to the entire liver. In fact, each hepatocyte is situated at most at 100 µm from a 
capillary (Alberts et al., 2002). They house different cell types, namely endothelial cells, 
Kupffer cells and pit (natural killer) cells in addition to the common cells found in the blood. 
Together, they form the second largest population of non-parenchymal cells in the liver 
(Wisse, 1974).  
1.2.2 The endothelial lining 
Endothelial cells are thin cells, which line the inner surface of the entire circulatory system. 
As a thin monolayer, they form the endothelial lining and act as a gatekeeper between the 
blood and the surrounding tissue (Figure 3). Regulated by physiological and pathological 
variations, the endothelial cells control the paramount role of vascular permeability by 
mediating the strict passage of solutes and cells from the blood to the surrounding tissue. 
Their functions include haemostasis, blood vessel tone, coagulation and hormone trafficking. 
The latter is made possible by an extremely dynamic cytoskeleton (Bogatcheva and Verin, 
2008) and the presence of membrane-bound receptors for a range of molecules such as 
proteins, lipid-transporting particles, metabolites and hormones (Durand and Gutterman, 
2013). The specific functions and structures of the endothelial lining are organ-dependent: in 
the liver, liver sinusoidal endothelial cells (LSECs) act as fluid filtration membranes and 
nanometre-sized particle scavengers (Kamimoto et al., 2005). The particular organisation of 
their cytoskeleton gives the LSECs a sieve-like structure, with fenestrae (or pores), allowing 
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greater oxygenation of hepatocytes and unsurpassed capability of eliminating colloids and 
soluble waste macromolecules from the blood (Wisse et al., 1985; Elvevold et al., 2008). The 
fenestrae vary in size depending on physiological and pathological conditions, whereby 
tightly controlling what goes in or out of the space of Disse and ultimately what is exposed to 
the hepatocytes.  
  
Figure 3: False-coloured transmission electron micrographs of the fenestrated endothelial lining (blue) in a rat liver 
sinusoid. Insert shows a higher magnification of the liver sinusoidal unit. Fenestrations are indicated by the black arrow. The 
space between the hepatocytes and the endothelium is the space of Disse (SD) and is occupied by microvilli of the 
hepatocytes (*). Scale bar = 0.5 µm. (D. Cheng et al. 2014, unpublished data).  
1.2.3 The space of Disse 
Between the LSECs and the hepatocyte lays a space, the perisinusoidal space or the space of 
Disse, occupied by blood plasma, fat-storing cells and the microvilli of hepatocytes (Figure 3) 
Its main role is to serve as an intermediate exchange compartment for proteins, lipids and 
other plasma components to be absorbed by the hepatocytes. The widths of the space of Disse, 
along with hepatic microvilli density, vary under different metabolic, physiological and 
pathological conditions, in synchrony with what the endothelial cells let through (Kuntz and 
Kuntz, 2009).  
1.3 The biliary system 
In the digestive system, the hepatocytes are responsible for the production of the bile, a 
surfactant for lipids and key-player in the breakdown of those during digestion. This 
yellowish liquid is produced continuously into the bile canaliculi, which then fuse with the 
Chapter 1  General introduction 
 5 
bile ducts surrounding the hepatocytes. The biliary network transports the bile to the 
gallbladder, a small pocket behind the liver, where it is stored until needed (Figure 1).  
1.4 The lymphatic system 
The lymphatic system is part of the circulatory system and both systems keep each other 
functioning in harmony. Despite its important functions and contribution to a healthy liver, 
the hepatic lymphatic system has not been studied in fine detail, conceivably due to its lack of 
definition and structure. In fact, lymphatic capillaries are only composed of a monolayer of 
lymphatic endothelial cells without a continuous basement membrane (Chung and Iwakiri, 
2013) and are maintained by wispy connective tissue fibres composed of collagens and 
proteoglycans (Trutmann and Sasse, 1994).  
2 Liver functions 
2.1 Blood filtration 
The liver’s main function is to filter the nutrient-rich blood originating from the digestive 
tract before sending it to the rest of the body. In fact, the liver sinusoidal unit described in 
section 1.2 acts as a dynamic sieve and selects what stays in the blood and what gets taken up 
by the liver. By doing so, it also takes up the roles of detoxification and storage of nutrients 
(lipids, vitamins, sugar and minerals). Macromolecules such as lipids, proteins and 
lipoproteins are taken up by the LSECs and the hepatocytes by means endocytosis: 
pinocytosis or fluid-phase endocytosis and receptor-mediated endocytosis, respectively. 
Vesicle trafficking is a prevalent process in the liver and the entry routes are highly regulated 
and require a dynamic network of membrane-associated proteins (e.g. clathrin and caveolin) 
to control what and how much gets taken up by the cells (Schroeder and McNiven, 2014).  
2.2 Immune system 
The liver plays an important role in innate and adaptive immunity. Of its innate immune 
functions is the nonspecific phagocytosis of particles by resident macrophages also known as 
Kupffer cells. These cells have a highly specialised plasma membrane with numerous 
receptors to interact with foreign particles, cell debris and even cancerous cells (Tan and 
Webster, 2018). Kupffer cells can be recognised by their large single nucleus and worm-like 
structure at the membranes, particularly where they attach to LSECs (Mandache and 
Moldoveanu, 1979). Although they are mainly responsible for removing non-soluble particles 
(which can be as large as the size of the cell itself), they can also take up soluble substances. 
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Depending on the particle size, Kupffer cell uptake is mediated by two mechanisms: 
phagocytosis (for larger particles) or pinocytosis (for smaller/soluble particles). However, it 
was described that not all Kupffer cells are phagocytic-active: those in the periportal region 
are more active than the ones in other regions of the liver and matured Kupffer cells are more 
phagocytic-active compared to immature ones. And, in situations where Kupffer cells are 
non-active, LSECs can often phagocyte particles up to 1 µm in size (Toth and Thomas, 2005). 
Kupffer cells can also be activated in situation of injury or inflammation as part of the 
adaptive immune system and thereby migrate from their current location to the site of injury 
and/or inflammation (MacPhee et al., 1992).  
2.3 Other hepatic functions 
Other functions of the liver include the production and excretion of the bile (see section 1.3) 
and the metabolism of lipids, proteins and carbohydrates. Ammonia is a toxic by-product of 
the carbohydrate breakdown, which gets converted in the liver to urea (less toxic substance) 
and eliminated through the blood and the kidneys. Proteins important in blood clotting are 
also produced by the liver (Cooper, 1989). 
3 Animal models for gastrointestinal and hepatic diseases  
Historically, research in the fields of gastroenterology and hepatology was often performed 
on living cells, cultured on artificial surfaces, with the limitation that adjacent and supporting 
cells and tissues were absent. However, this cell micro-environment is now considered 
crucial and can highly influence specific cell functions (Vigetti, et al. 2013). One approach is 
to study whole animals as a model organism  whereby the animals or their organs can be 
studied in their native environment and micro-environment (Day et al., 2015). While 
presenting its own challenges, this approach has provided many important research insights 
and allowed the establishment of new disease models for cancers, drug metabolisms, 
infections and age-related changes. “Virtually every medical achievement of the last century 
has depended directly or indirectly on research with animals” (Matthews, 2008). As a result 
of evolution, all organisms have some degree of relatedness in terms of phylogeny and 
genetics between humans and animals, including hundreds of genes coding for illnesses 
(Alföldi and Lindblad-Toh, 2013). For example, zebrafish share 70% of human genes, and 
82% of genes known to be associated with human disease (Howe et al., 2013).  
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3.1 Experimental animal models 
Mainly for legal and ethical reasons, but also due to feasibility , small animal models gained 
much interest in pre-clinical experimental studies of many biological problems at different 
levels – from ecology, behaviour and biomechanics to functional scale of individual tissues, 
cells, organelles and even proteins (Barré-Sinoussi and Montagutelli, 2015). To be amenable 
to experimental research, an animal should be genetically or phylogenetically comparable to 
human. Furthermore, they should ideally also be smaller for easy handling, have a shorter 
generation time for faster screening between generations, a faster lifespan for quicker 
screening within an individual lifetime, and have non-specialist living requirements. Those 
advantages help minimise cost, space and time required for research.  
To date, animal models such as prokaryotes, fruit flies, nematodes and rodents 
(Rosenthal and Brown, 2007) are well-established model systems used in the study of a large 
variety of human diseases, from molecular genetics to development and toxicology. For 
example, Drosophila melanogaster (fruit fly) is popular in the genetics studies of Parkinson’s 
diseases (Feany and Bender, 2000) and, due to their simplicity, Caenorhabditis elegans 
(nematode) are widespread in the study of aging and apoptosis mechanisms. Rodents have 
been introduced as a laboratory study model in the early 1800s and became the first animals 
domesticated purely for scientific research. Mice and humans share 99% of their genes (as 
defined by Ensembl Compara), and they both belong to the Euarchontoglires clade (Figure 4): 
these attributes contribute to their ranking as the classic animal model for studying human 
diseases. 
 
Figure 4: Phylogeny tree of the Euarchontoglires clade, based on scientific classification. 
 
3.2 The zebrafish  
The zebrafish (Danio rerio) is a small tropical fish from the Southeast Asia (Figure 5) named 
for the four to five dark, uniform, pigmented, horizontal stripes on the side of its body. They 
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are small (2-30 mm), highly fecund (200-300 larvae/couple/week), with a short generation 
time (3-4 months) and a lifespan of 3 to 4 years (Westerfield, 2000). Those characteristics 
make it an ideal candidate for animal research (see section 3.1). When used in laboratories, 
the zebrafish age is usually to reflect a developmental stage and is denoted as the number of 
hours post-fertilisation (hpf), days post-fertilisation (dpf), weeks post-fertilisation (wpf) or 
months post-fertilisation (mpf).  
 
 
Figure 5: Representative photograph of an adult zebrafish. Scale = 1 mm.  
 
In 1981, Streisinger et al. from the University of Oregon pioneered the use of the 
zebrafish in laboratories with the production of clones of homozygous diploid (Streisinger et 
al., 1981). These clones facilitated genetic studies by knockdown or overexpression of 
genetic coding. A decade after Streisinger’s work, the zebrafish became the premier model 
for genetics and developmental studies, further facilitated by the external development of the 
zebrafish eggs (Lieschke and Currie, 2007; Peterson and MacRae, 2012). In 2000, results 
from large-scale genetic screenings identified over 500 mutants with phenotypes reminiscent 
to human clinical disorders (Dooley and Zon, 2000). Following the genome sequencing work 
from the Wellcome Trust Sanger Institute, the zebrafish genome and the human genome were 
directly compared to find out that 71.4% of human genes have at least one zebrafish 
orthologue, as defined by Ensembl Compara (Vilella et al., 2009). Reciprocally, 69% of 
zebrafish genes have at least one human orthologous gene. Extensive studies were then 
performed on the use of zebrafish in genetic studies (Howe et al., 2013). Since then, 
publications on zebrafish as a model for human diseases expanded from about 160 in 1993 to 
over 6000 in 2017 (data from Science Direct), covering research fields from embryogenesis 
to stem cells and organ diseases (Drummond, 2005; Gemberling et al., 2013; Gore et al., 
2012; Wang et al., 2013).  
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3.3 Zebrafish versus other experimental animal models 
Compared to rodents, the zebrafish smaller sizes (2 - 30 mm compared to 15 - 25 cm) make 
them easier to manipulate and observe as whole animals; the cost and care involved in their 
breeding and maintenance is lower; they have very low risk for the researcher to develop side 
effects compared to working in a mouse house (e.g. allergies); their high fecundity (200 - 300 
larvae/couple/week, compared to 5 - 8 pups for rats) also means ease for generating 
statistically significant data; their short generation time (3 - 4 months) allows for observing 
and following effects over generations in a shorter period of time; and their external 
development during embryogenesis means it is possible to follow their development right 
from fecundation (Westerfield, 2000). The zebrafish main benefit remains in its optically 
transparent body until juvenile: researchers have used this advantage to “live image” cell 
behaviour, cell manipulation, tissue development and cellular uptake processes under control 
and experimental conditions (Bradford et al., 2017; Lieschke and Currie, 2007; Simonetti et 
al., 2015). Testing effects of drugs and toxin exposures was made very popular as they could 
be simply added to the tank water (Passeri et al., 2009).  
Being a vertebrate, studies on the zebrafish kidney, multi-chambered heart, multi-
lineage haematopoiesis, notochord, neural crest cells have already been successfully 
translated to human (Dooley and Zon, 2000) and more interestingly, different types of 
cancers (Amatruda et al., 2002; Feitsma and Cuppen, 2008b). However, as a non-mammal, 
zebrafish lack lungs, prostate, skin and other mammals-specific organs and glands, which 
restrict their use in several fields such as mammalian organ-related research (compared to 
rodents). Overall, researchers could strategically position the zebrafish amongst other popular 
animal models, such as fruit flies, nematodes and bacteria. Figure 6 compares the phylogeny 
relationship between popular laboratory animal models.  
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Figure 6: Phylogeny tree showing the evolutionary relationship between the most common animal experimental 
models, namely Drosophila melanogaster, Danio rerio, Mus musculus, Rattus norvegicus, Ceanorhabditis elegans and 
Escherichia coli.  
 
For example, in cancer research the zebrafish model has been demonstrated to be 
extremely useful, as any tumour type has been genetically developed in zebrafish with similar 
morphology, gene expression and signalling pathways to humans (Amatruda et al., 2002; Liu 
and Leach, 2011). With the ease of genetic manipulation, over the last decades an enormous 
library of transgenic zebrafish (available publicly through the Zebrafish International 
Resource Centre (zirc.org)) and fluorescent proteins under specific promoters, have been 
established and are extensively used to visualize and study organ development, cell and 
protein interactions, and therapeutic interventions in different fields of medical sciences 
(Poon, et al. 2017). 
3.4 Zebrafish digestive system  
The zebrafish digestive system organogenesis has been well described by several researchers, 
particularly the intestine (Ng et al., 2005; Wallace et al., 2005), the liver (Chu and Sadler, 
2009; Tao and Peng, 2009) and the pancreas (Holly A. Field et al., 2003; Ober et al., 2003; 
Tiso et al., 2009) and some histological studies have been performed on the zebrafish 
digestive system (Schwendinger-Schreck, 2013 and Figure 7).  
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Figure 7: Light microsocpy image of a zebrafish (2 wpf) histological section, sagittal (left to right) across the 
middle of the body and stained with Hemotoxylin and Eosin. Inserts show higher magnification images within organs of the 
digestive system. Images are adapted from the Zebrafish Atlas (Jake Gittlen Cancer Research Foundation, 2013).  
 
Briefly, following 6 days of development, the yolk is exhausted, and the zebrafish 
digestive system is fully functional (Field et al., 2003). Some morphological and 
developmental data on the zebrafish gastrodigestive system have been determined using light 
microscopy (LM) (Menke et al., 2011; Trotter et al., 2009a) and are available on FishNet 
(Bryson-Richardson et al., 2007) and through the Zebrafish Atlas (Jake Gittlen Cancer 
Research Foundation, 2013). It has been shown to be highly homologous to that of humans 
and that many of the digestive functions are shared (Table 1).  
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Table 1: Human and rodent digestive system characteristics and functions, compared to the zebrafish (Bryson-
Richardson et al., 2007; “Digestive systems,” 2002; Jake Gittlen Cancer Research Foundation, 2013; myVMC, 2006; Sadler 
et al., 2013; Trotter et al., 2009b). 
 
3.4.1 The zebrafish liver 
Histologically, the zebrafish liver is bi-lobed, boomerang-shaped, lying ventrally and anterior 
to the swim bladder. The left lobe is larger and crosses the midline under the anterior gut 
whereas the right lobe, smaller, extends ventrally towards the head of the pancreas (Chu and 
Sadler, 2009). At the adult stage, there is a sexual dimorphism: female hepatocytes are very 
basophilic compared to male hepatocytes as a result of vittelogenin production (Van der Ven 
et al., 2003 and Figure 7). From a cellular and anatomical point of view, the zebrafish liver is 
similar to that of other teleost fish, the latter being extensively reviewed in the medaka fish 
(Hardman et al., 2007). The zebrafish liver does neither possess a portal triad nor hepatocytes 
arranged in plates (as in mammals) but instead consists of tubules of hepatocytes among 
hepatic veins, arteries, large biliary ducts and sinusoids distributed stochastically within the 
parenchyma. Within each hepatocyte tubule are small bile ducts, derived from the bile 
canaliculi to form the biliary channels (Tao and Peng, 2009), through which the bile is 
transported to the gallbladder. There, this greenish liquid is stored until released in the 
Human/Rodent Zebrafish 
Digestive 
organs Characteristics Functions 
Corresponding 
digestive 
organs 
Characteristics Similar function to human/rodent? 
Oesophagus Muscular, tube-shaped 
Transport food 
from mouth to 
stomach 
Oesophageal 
sacs or blind 
diverticula 
Sac-shaped Yes 
Stomach Muscular pouch 
Food grinding 
and enzymatic 
digestion. 
Nutrients storage 
Non-existent Non-existent 
Stomach function is 
substituted by the 
rostral intestine 
Intestine 
Tube-shaped, with 
two parts: small and 
large intestine 
Nutrients 
absorption Intestine 
Folded twice 
and divided into 
rostral, mid- 
and caudal 
intestine 
Small intestine 
function is 
substituted by mid-
intestine and large 
intestine function by 
caudal intestine 
Liver 
Prism or wedge 
shaped. Divided into 
two lobes: right and 
left 
Detoxification, 
proteins synthesis, 
waste metabolism 
Liver 
Two lobes, on 
each side of the 
body. Sexual 
dimorphism 
Yes 
Gallbladder Small pouch behind the liver Storage of bile Gallbladder 
Green 
translucid fluid-
filled sac 
Yes 
Pancreas 
J-shaped, divided 
into head, body and 
tail with islets of 
Langerhans 
dispersed 
throughout  
Pancreatic juice 
secretion 
(exocrine). Insulin 
and glucagon 
secretion 
(endocrine)  
Pancreas 
Dispersed 
around the 
intestine. 1 
main Islet of 
Langerhans in 
the head and 2 
to 3 secondary 
islets, in the tail 
Yes 
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intestine via the common bile duct during digestion to break down fat (Maldonado-
Valderrama et al., 2011).  
Despite these characterisations of the zebrafish liver, detailed cellular ultrastructural 
comparative studies are limited, and the fine micro-anatomical organisation related to the 
physiology and pathophysiology of the gastrodigestive system is lacking (Sadler et al., 2013). 
For these reasons, our first approach was to focus on the detailed mapping of the zebrafish 
gastrodigestive system (see section 5).  
4 Introduction to current advanced multidimensional imaging approaches 
Biological and medical scientists are in continuous collaboration with optic developers and/or 
biomolecular scientists to establish novel imaging technologies to better visualise and 
therefore understand structural and functional aspects of what defines our body. One of the 
most emerging fields in microscopy and microanalysis is correlative microscopy (described 
in section 4.2), and many imaging laboratories are increasingly employing these approaches 
to produce structure-function information that one imaging platform alone cannot deliver 
(Goetz et al., 2015; Loussert Fonta and Humbel, 2015; Verkade, 2008, 2007). Currently, the 
most established approach is correlative light and electron microscopy (CLEM).  
4.1 Current imaging techniques  
4.1.1 Macro- to micro-scale observation and analytical methods 
The most commonly used observation methods for macro- to micro-scale imaging and 
analysis exploited in correlative imaging and their characteristics are listed in Table 2. All of 
these methods allow live-imaging (light microscopy) of the sample to provide greater context 
(e.g. a structure within the tissue or organ), after which (at any given time) the sample can be 
fixed to arrest a particular biological phenomenon and processed for higher resolution 
imaging (electron microscopy).  
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Table 2: The most common macro- to micron-scale observation methods exploited in correlative imaging and their 
applications and characteristics. *: Used for immunohistochemistry studies.  
 
Conventional stereomicroscopy and light optical imaging techniques allow for the 
macroscopic study of parts of a large animal or whole small animals and conventional 
histological studies. They aim to give apparent animal details such as animal size, shape, 
presence and size of different body parts and features. Fluorescence microscopy is based on 
inherent fluorescence of the sample or fluorescent molecules introduced into the sample.  
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Micro-computed tomography (micro-CT) uses non-destructive x-rays (40-150 kV) on 
whole animal, live or fixed and stained with heavy metals (to increase soft tissue contrast). 
This technique can generate 3D models at the micron scale with accompanying volumetric 
details (e.g. size of internal organs), down to 0.7 µm in spatial resolution. Samples processed 
for micro-CT can be suitable for further processing and imaging for electron microscopy 
(Mizutani and Suzuki, 2012).  
Of note, electron microscopy techniques such as Scanning Electron Microscopy 
(SEM) and Transmission Electron Microscopy (TEM) are also micron-scale observation 
methods however, in the case of CLEM, they are most useful when used for nano-scale 
imaging. For this reason, electron microscopy has been categorized amongst the nano-scale 
imaging methods, as listed below.  
4.1.2 Nanometre-scale observation and analytical methods 
The most common nanoscale observation methods are listed in Table 3, along with their 
different applications and characteristics.  
Table 3: The most common observation methods used for nanoscale imaging and analysis exploited in correlative 
imaging and their applications and characteristics. 
 
Electron microscopy (EM) techniques, including scanning electron microscopy (SEM) 
and particularly transmission electron microscopy (TEM), are currently the best techniques 
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available to obtain the highest resolution, ~ 0.5 nm in the context of biological samples. EM 
are used to produce ultrastructural intracellular details of biological samples. In CLEM 
experiments (see section 4.2), EM is used to observe, verify or confirm previously imaged 
structures in 2D or 3D at higher resolution. However, EM sample preparation protocols vary 
greatly compared to those for light microscopy as EM samples need to be vacuum-
compatible (fixed and dry) and in a close-to-native state, a process generally disruptive for 
fluorescence microscopy observations or immunohistochemistry studies (Łukasz Mielańczyk 
et al., 2015) 
SEM provides topological information (secondary electron signal) as well as 
elemental composition (backscattered electron signal) (Carr, 1971). Back-scattered SEM can 
therefore be used to image a heavy metal stained biological sample embedded within a thin 
resin section (Koga et al., 2015) and provide a TEM-like image. Imaging multiple 
consecutive sections allows for large volume reconstruction of structures of interest (across 
entire cells), a technique referred to as volume SEM. Many techniques fall in this category. 
Examples of automated systems are serial block face SEM which has a microtome integrated 
within an SEM and focused ion beam (FIB) which has an ion beam within the SEM. With 
both techniques, the sample is sliced, and images are collected consecutively. On the other 
hand, the automated tape-collecting ultramicrotome SEM or the manual collection of serial 
sections on glass slides or coverslips are non-destructive approaches: sections are conserved 
on their supporting material for repeated imaging. Overall, with volume SEM,  even larger 
volumes to be sectioned and imaged to reveal structures at nanoscale resolution (Highes et al., 
2013). 3D information extracted from these techniques include cell and organelle type, size 
and shape, sizes of blood vessels and respective volumetric data (He et al., 2015). For an 
extensive review of the different volume SEM techniques, refer to Titze and Genous (2016).  
TEM is the ultimate technique in terms of resolving power, capable of generating 
images from biological samples down to 0.5 nm in resolution. Since samples need to be 
electron-transparent (200-50 nm thick) to comply with the electron penetrating capability, it 
is usually used to observe internal ultrastructural details (Paredes, 2014). Complementarily, 
by acquiring multiple views of the sample at tilted angles, tilt series can be collected and a 
3D representation of the area imaged can be generated. Proposed by Hoppe in 1974, this 
technique is referred to as Transmission Electron Tomography (TET). Dedicated software is 
now available to automate the tilt series acquisition such as TEMography® (JEOL, Japan) or 
SerialEM (Mastronade, 2003) as well as tomogram reconstruction such as IMOD (Boulder 
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Lab for 3D Electron Microscopy of Cells, Colorado, USA). TET is a particularly useful 
technique in the observation of structures morphology and interactions.  
All of the above techniques provide information that, when complemented, allow 
scientists to better understand the functional and ultrastructural aspects of a biological sample, 
from the micrometre to the nanometre scale.  
4.2 Correlative microscopy  
Correlative microscopy is a concept by which data from the same sample or region of interest 
are obtained from at least two different imaging platforms and merged together to produce 
additional image data. This concept bridges the gap between image platforms limitations and 
provides information one imaging platform alone could not offer (Jahn et al., 2012; Su et al., 
2010). The most popular combination is correlative light and electron microscopy (CLEM). 
The power of this technique lies on the complementation of live imaging data and high-
resolution ultrastructural data. For example, dynamic functional events can be captured using 
LM although the resolution is limited to 200 - 20 nm while high-resolution images (> 0.1 nm) 
can be acquired using EM providing detailed structural information on, however, fixed 
samples (Figure 8).  
 
Figure 8: Schematic depicting the concept of correlative light and electron microscopy and comparing some of 
their respective features.  
 
Although researchers have always been performing correlative microscopy (e.g. between 
histological sections and EM sections from the same tissue), being able to relocate the same 
regions of interest from the same section or cell across different microscopy platforms of 
significantly different length scales has long been proven difficult. Researchers often relied 
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on relocation markers deposited on the sample or its substrate (Kobayashi, 2012) that could 
be seen from both imaging platforms to retrieve the regions of interest.  
Moreover, the imaging method would normally dictate the sample preparation protocol and 
processed samples were normally suitable only for that particular imaging method.  
However, the development of relocation tools such as gridded coverslips and automated 
relocation software has eased the relocation process. In this thesis, we highlight the 
possibility of cross-correlating between multiple macro- to micron-scale observation and 
analytical techniques providing an adequate sample preparation protocol was applied. This, 
together with the development of modern 3D imaging techniques, as well as analytical 
techniques (e.g. X-ray analysis), opened up new possibilities for generating data from the 
same sample.  
4.3 Multidimensional image processing and analysis techniques 
With the advance of imaging capabilities and technologies, mainly acquisition speed and data 
handling capabilities, and digitalisation of images, acquiring data from a large number of 
samples is nowadays very feasible. The ability to image and analyse large datasets allows for 
a more in-depths understanding of experimental models but also for more statistically 
relevant and accurate measurements. Different visualisation and analysis tools are available, 
from highly priced software to freeware. These include Photoshop (Adobe Photoshop CS6, 
2012), a powerful image processing software, ImageJ (Rasband, 2013), a popular freeware 
amongst biologists for image visualisation, processing and analysis, and IMOD from the 
Regents of University of Colorado (Kremer et al., 1996) and Microscopy Image Browser 
(M.I.B.) (Belevich, 2016) for tomography reconstructions and generation of 3D models. As 
these tools are either popular image processing tools or freeware, they are mostly used for 
low scale imaging and often require manual tracing, For larger datasets, semi- or fully 
automated solutions are being developed (i.e. machine learning) such as Ilastic, SuRVoS 
(Jurrus et al., 2013; Luengo et al., 2017) 
5 Aims of the study 
Although zebrafish have gained increasing popularity in various fields of biological and 
medical research, the literature on the zebrafish gastrodigestive system and particularly the 
liver is still very sparse. This is mainly due to the fact that, for practical reasons (such as 
small size, ease of preparation and transparency), zebrafish embryos are mainly used in the 
different biological research fields but at that age, the digestive system is not fully functional 
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yet. From the current literature, zebrafish may provide an excellent experimental animal 
model for the study of gastrodigestive and hepatic diseases. Therefore, in this thesis, we 
focused on designing an experimental protocol and imaging workflow that would allow a 
single zebrafish larvae to be imaged using X-ray micro-computered tomography, light 
microscopy and electron microscopy. By correlating data from these 3 microscopy 
techniques, information such as animal size, organ size, cell size and subcellular and 
organelle sizes can be generated from one specimen. We then applied these protocol and 
workflows to study two important biological aspects of the zebrafish liver: macromolecular 
uptake and macrophagic structure and function. Overall, we aim to characterise the zebrafish 
gastrodigestive system and particularly the hepatic system, to compare it to rodents and 
human, and determine the extent to which the zebrafish can be used as an animal model in 
biomedical sciences. 
5.1 Experimental design and protocol development 
An imaging technique often mandates its sample preparation protocol and vice versa. For 
correlative imaging, since multiple imaging techniques are applied to a single sample, often a 
unique sample preparation protocol needs to be developed to be suitable for the imaging 
techniques applied. Applying standard protocols used in processing biological samples for 
EM did not yield satisfying preservation results in our hands. Most likely due to the highly 
complex anatomical composition of a whole animal (compared to cultured cells or tissue 
biopsies), and the high water-content in the fish (which also fluctuates between anatomical 
compartments). Hence, our first aim was to develop sample preparation protocols for 
preserving whole zebrafish larvae suitable for high-resolution EM and compatible for x-ray 
micro-CT, LM and EM (including SEM, TEM and TET). Once established, we developed a 
workflow for the imaging of a single sample using the abovementioned imaging techniques.  
5.2 Mapping of the zebrafish gastrodigestive system 
We applied the latest developments in terms of combined and correlative imaging approaches 
mentioned in section 4 and developed new sample preparation protocols to identify the 
micro-anatomical organisation of the zebrafish gastrodigestive and associated organs. We 
provided details on micro-anatomical aspects of the zebrafish gastrodigestive system and 
associated organs that were unknown in the literature. We utilised this information, along 
with information currently available in the literature, to assist in the identification of the 
zebrafish micro-anatomy and provide a limit of confidence for the zebrafish as a comparative 
model for human gastrodigestive diseases.  
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5.3 Correlated microscopy & image analysis  
Based on the ultrastructural knowledge and established functional models previously 
described in human and rodents (Braet et al., 2007; Timmers et al., 2004), we aimed to study 
two functional properties of the liver: 1) liver macromolecular transport routes and 
distribution, and 2) hepatic immune system actioned by the resident macrophages. This 
information was used to correlate similarities and differences between the human/rodent 
models and the zebrafish and determine its potential use for drug treatments targeting 
gastrointestinal diseases. 
5.3.1 Liver macromolecular transport routes and distribution  
We aimed to study the zebrafish hepatic macromolecular transport routes and distribution 
using albumin. Low-density lipoproteins such as albumin have been extensively studied in 
mammals and are popular lipovectors or lipid-based drug carriers in the field of 
pharmaceutics. An increasing number of peer-reviewed articles, clinical trials and approved 
products based on albumin are currently available (Rozga et al., 2013; Kratz, 2014). In fact, 
the 3D structure of the heart-shape protein albumin counts numerous binding sites, allowing 
for countless flexible combinations of endogenous and exogenous ligands, including 
antibiotics, anti-inflammatories, anaesthetics, anticoagulants to name a few (Elzoghby et al., 
2012; Kratz, 2008; Sleep et al., 2013) Moreover, its endocytic uptake route has been well-
studied in animals and human. In the liver, albumin is taken up by the LSECs by mean of 
scavenger (non-specific) receptors (Duryee et al., 2005) and the hepatocytes by means of 
albumin receptor-mediated endocytosis (Weisiger et al., 1981). Here, we aimed to determine 
the course of fluorescently-labelled albumin in the zebrafish liver over time and in multiple 
dimensions (from the whole organ level to subcellular compartments) following intrahepatic 
injection in zebrafish. Live imaging and correlative fluorescence and SEM imaging were 
applied to identify the exact destination and stocking compartments of the injected protein, as 
well as assess the specific targeting and concentration capabilities of albumin in the zebrafish 
LSECs scavenger pathway. We provided insights into the functional relevance of the albumin 
uptake and more broadly macromolecular uptake in the zebrafish liver and the applicability 
of zebrafish as an animal model to explore macromolecule-based compound delivery systems. 
5.3.2 Liver immune system 
The hepatic innate immune function, performed by Kupffer cells, has been studied in detail in 
rodent and human models over the years. They have an exceptional capacity to eliminate 
foreign particles from the blood particles, cell debris and even cancerous cells (Wisse, 1972). 
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One of the most common ways to label these resident-macrophages in the liver is by injecting 
inert particles such as latex beads (Vekemans and Braet, 2005), gold nanoparticles 
(Sadauskas et al., 2007) or carbon solution (Indian ink) (Zenilman et al., 1988) into the 
circulation, which would be phagocytosed by Kupffer cells once they reach the liver . These 
cells can then be visualised using LM and/or EM depending on size and level of 
accumulation. Immunohistochemistry staining using 3,3’-Diaminobenzidine (DAB) 
peroxidase is another common functional labelling technique as it stains the product of the 
phagocytic process, peroxidase enzyme (Deimann, 1984). Determining the occurrence, 
ultrastructural and functional characteristics of liver-associated macrophages in zebrafish and 
thoroughly comparing them to the rodent and human counterparts is essential to study 
immune-related functions such as injury, intoxication and inflammation.  
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CHAPTER 2: CORRELATIVE AND MULTIMODAL 
IMAGING PROTOCOL AND WORKFLOW 
For EM, cells or tissue blocks can be drop fixed, larger animals can be perfused while 
zebrafish larvae are too small (~ 2 mm) to perfuse and its large water content makes drop fix 
sample preparation inefficient. Here, we developed two protocols and workflows, which 
produce adequate preservation levels for multiple imaging platforms and form the basis of 
our multimodal and correlative imaging approach.  
Firstly, the protocol presented in the manuscript titled “Combined Multidimensional 
Microscopy as a Histopathology Imaging Tool” provides a protocol to produce a zebrafish 
sample compatible with micro-CT, LM and SEM. It was established on rat liver tissue and 
later modified to suit whole-mount zebrafish larvae (Chapter 3) to further preserve it in a 
condition suitable for high-resolution TEM and TET. The workflow presented in this first 
manuscript offers an efficient way of imaging a single (zebrafish) sample using the 
abovementioned range of microscopy techniques. 
Secondly, the protocol presented in the manuscript titled “Relocation is the key to 
successful correlative fluorescence and scanning electron microscopy” provides an excellent 
compromise between fluorescence retention and ultrastructural preservation, enabling the 
sample to be imaged ‘on-section’ using both fluorescence and high-resolution EM. In this 
second manuscript, two different types of samples were studied: cultured cells (cancer cells) 
and tissue samples (zebrafish) , while only the zebrafish part is to be considered as part of 
this thesis.  
 
 
 
 
The work presented in this chapter has resulted in the following peer-reviewed articles:  
Shami, G.J., Cheng, D., Braet, F., 2017. Combined Multidimensional Microscopy as a Histopathology 
Imaging Tool. J. Cell. Physiol. 232, 249–256. https://doi.org/10.1002/jcp.25470 
Cheng, D., Shami, G.J., Morsch, M., Huynh, M., Trimby, P., Braet, F., 2017. Relocation is the key to 
successful correlative fluorescence and scanning electron microscopy, in: Müller-Reichert, T., 
Verkade, P. (Eds.), Methods in Cell Biology, Correlative Light and Electron Microscopy III. 
Academic Press, pp. 215–244. https://doi.org/10.1016/bs.mcb.2017.03.013  
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1 Combined multidimensional microscopy as a histopathology imaging tool 
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2 Relocation is the key to successful correlative fluorescence and scanning electron 
microscopy 
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CHAPTER 3: THE ZEBRAFISH GASTRODIGESTIVE 
SYSTEM AND LIVER ULTRASTRUCTURE 
In this chapter, we applied the workflow developed in Chapter 2 “Combined 
multidimensional microscopy as a histopathology imaging tool” and modified its protocol to 
be compatible with whole-mount zebrafish larvae, so the latter can be imaged using micro-
CT, LM, SEM, TEM and TET. The information gathered in this chapter were presented in 
2D and 3D from the organ to the sub-cellular level and forms the basis for the subsequent 
functional studies on the zebrafish liver in Chapters 4 and 5.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The work presented in this chapter has resulted in the following peer-reviewed article:  
Cheng, D., Shami, G.J., Morsch, M., Chung, R.S., Braet, F., 2016. Ultrastructural Mapping of the 
Zebrafish Gastrointestinal System as a Basis for Experimental Drug Studies. Biomed Res Int 
2016, 8758460. https://doi.org/10.1155/2016/8758460
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CHAPTER 4: ALBUMIN UPTAKE AND 
DISTRIBUTION IN THE ZEBRAFISH LIVER 
In Chapter 2, we established a protocol and workflow for the in situ preservation of 
fluorescence within the zebrafish larvae for post-embedding, ‘on-section’ fluorescence and 
electron microscopy imaging (published in “Relocation is the key to successful correlative 
fluorescence and scanning electron microscopy”). By applying that previously established 
protocol, we have here successfully preserved the fluorescence dye conjugated to albumin, 
following injection into the zebrafish liver. By using live-imaging and CLEM, we determined 
the precise localisation of the injected albumin at the subcellular level, with an axial 
resolution down to 90 nm. The results from this chapter determine the uptake and distribution 
of albumin and contribute to the understanding of macromolecular transport routes and 
distribution in the zebrafish liver  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The work presented in this chapter has resulted in the following peer-reviewed article:  
Cheng, D., Morsch, M., Shami, G.J., Chung, R.S., Braet, F., 2018. Albumin uptake and distribution in 
the zebrafish liver as observed via correlative imaging. Experimental Cell Research. 
https://doi.org/10.1016/j.yexcr.2018.11.020 
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CHAPTER 5: OBSERVATION AND 
CHARACTERISATION OF MACROPHAGES IN 
ZEBRAFISH LIVER  
In the previous chapter, we successfully applied a CLEM sample preparation protocol and 
imaging workflow to study, at the cellular-level, the uptake and distribution of fluorescently-
labelled albumin in the zebrafish liver. Based on these experimental techniques, we aimed to 
study the presence, distribution, structural and functional characteristics of macrophages in 
the zebrafish liver as a second functional study of this thesis. The resulting information 
provide important information on the zebrafish hepatic immune functions and the capability 
of the zebrafish as an animal model to study immune-related illnesses studies. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter is written in a journal format ready to be submitted to a peer-reviewed 
journal for publication. The manuscript is titled “Observation and characterisation of 
macrophages in the zebrafish liver” and the authors are Cheng D., Morsch M., Shami G.J., 
Chung R.S. and Braet F.   
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1 Abstract 
Kupffer cells are liver-resident macrophages that play an important role in mediating 
immune-related functions. They are well-known for their capacity to phagocytose large 
amounts of waste complexes, cell debris, microbial material and even malignant cells. 
Localisation, appearance and functional aspects are important features used to identify these 
characteristic cells in the liver. We aimed to characterise the ultrastructural and functional 
aspects of liver-associated macrophages in the zebrafish model by taking advantage of 
advances in zebrafish genetics in producing fluorescently-labelled transgenic zebrafish line 
and multimodal correlative imaging approach. We observed macrophages exhibiting 
conventional ultrastructural features (e.g. presence of pseudopodia, an extensive lysosomal 
apparatus, a phagolysosome and making up ~ 3 % of the liver). However, these cells were not 
located within the sinusoids but instead in between hepatocytes and were deprived of 
phagocytic function. While our results demonstrated some morphological similarities, the 
lack of phagocytic activity may limit the use of the zebrafish as an animal model for hepatic 
immune-related studies.  
2 Introduction 
The presence of liver macrophages within mammalian species, including human and animal 
models, has been well documented over the years (Dixon et al., 2013; Jones and Summerfield, 
1988). The initial discovery by von Kupffer in 1876 concerned phagocytic “stellate cells” in 
the liver (von Kupffer, 1876). Later named after its discoverer and currently known as 
Kupffer cells, these cells are defined as liver-resident macrophages (Alterman, 1977). In 
rodents and humans, liver macrophages play a central role in liver homeostasis (Naito, 2004) 
by removing foreign particulates that enter the liver blood circulation (Wisse, 1974). By 
doing so, they tightly control the balance between liver health and disease (Bilzer, 2006; 
Brunt, 2014). Under physiological conditions, they are confined to the liver vasculature, 
anchored to the sinusoidal endothelium by a peculiar close apposition and worm-like 
invaginations of the plasma membrane termed vermiform processes (Wisse, 1977). Their 
position is strategic as they act as cellular guardians and upon stimulation, may become 
motile and actively migrate to their target and/or injury site (Frevert et al.; MacPhee et al., 
1992). The cells are known to secrete a cocktail of cytokines upon activation that result in the 
recruitment of immune cells such as natural killer cells, neutrophils—including blood 
platelets—and as such contribute to the local healing process (Wake, 1989). Kupffer cells 
play an important role in the activation and proliferation in alcoholic liver disease (Zeng et al., 
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2016), liver transplantation (Fahrner et al., 2016) and in scavenging large macromolecular 
waste complexes—including ageing cells—from the blood (Wardle, 1987; Wisse, 1996). 
Additionally, their role in removing cancerous cells and infectious organisms (e.g. viruses, 
bacteria and parasites) has been studied in much detail (Anthony et al., 2012; Boltjes et al., 
2014; Seki et al., 2011; Tsutsui and Nishiguchi, 2014).  
Liver macrophages represent the largest population of tissue-resident macrophages in 
the body (Sasse, 1992) and belong to the family of liver sinusoidal cells that make up 35% of 
the total cell number and approximately 17% of the total liver volume, depending on the 
species (Blouin, 1977; Weibel et al., 1969). The ultrastructural characteristics of liver 
macrophages include an extensive lysosomal apparatus with numerous membrane-bound 
vesicles that make up the majority of their cytoplasmic content. Their overall cell shape is 
dynamic and resembles their restlessness in a continuing search to engulf waste complexes 
(Wake, 1989). Their uptake capacity is reported to be endless and the cells are able to 
continuously renew themselves, including the recruitment and differentiation into a new 
population of resident liver phagocytes (Naito, 2004). Kupffer cells can also be identified by 
their characteristic functional properties—i.e. phagocytosis and, as a result, production of 
peroxidase enzyme—(Bouwens, 1988; Warnock et al., 1987; Wisse, 1974). In fact, 
nanoparticles such as latex beads or carbon particles are well-established markers for the 
functional identification of mammalian Kupffer cells in vitro and in vivo. Within minutes 
after injection, beads and carbon particles (sizes ranging from 8 – 20 µm) can be found 
aggregating within rat Kupffer cells in vitro and in vivo experimental conditions (Akilbekova 
et al., 2015; Bautista et al., 1992; Kamimoto et al., 2005).  
Transgenic animal models expressing fluorescent proteins under specific promoters 
have been extensively used to study organ development, cellular interactions and drug 
responses in different fields of biomedical sciences (Wei, 1997). With the ease of genetic 
manipulations in the zebrafish came a library of transgenic zebrafish, available publicly 
through the Zebrafish International Resource Center (University of Oregon), and amongst 
them is the macrophage-specific zebrafish line mpeg1, which possess red fluorescent 
macrophages (Ellett, 2011). This transgenic fish has been utilised to study the dynamics of 
innate immune system in vertebrates as well as its interactions with a number of pathogens, 
and particularly human pathogens (Kanther and Rawls, 2010; Svahn et al., 2018).  
In previous studies, we demonstrated that the zebrafish liver displays similar function 
and microanatomy to its human and rodent counterparts (Cheng, 2016), including the ability 
to filter, uptake and process large protein complexes within the hepatic sinusoids (Cheng, 
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2017). However, there is limiting literature available on the existence and function of the 
macrophages residing within the zebrafish liver. In this work, we aimed to characterise the 
ultrastructure, occurrence and functional aspects of liver-associated macrophages present in 
the mpeg1 transgenic zebrafish. Structural and functional similarities were observed 
compared to Kupffer cells in the human and rodent livers (for reviews, see Jones, 1988; 
Wisse, 1996). We applied correlative microscopy (CM), a concept effective in cell image 
analysis by consecutively localising, identifying and studying the functional and structural 
properties of the cells' of interest across different imaging platforms (Kobayashi et al., 2012; 
Muller-Reichert and Verkade, 2012). Noteworthy, previous correlated fluorescence-, and 
scanning electron microscopy (SEM) studies in zebrafish have already demonstrated the 
advantageous nature of this approach in disclosing cellular transport and distribution of 
albumin in the zebrafish liver (Cheng et al., 2017) including the localisation of cellular 
targets within large tissue volumes when combined with array tomography techniques 
(Wacker et al., 2016 and Chapter 3: Uptake and distribution of albumin in the zebrafish liver).  
3 Materials and Methods 
Animal model. We utilised a previously characterised transgenic zebrafish line, 
Tg(mpeg1:GAL4,UAS:mCherry) (gl22Tg), referred here to as mpeg1, which expresses a red 
fluorescence protein reporter under a macrophages specific promoter. The zebrafish were 
housed in a purpose-built zebrafish facility at Macquarie University (Australia) and 
maintained at 28°C in a 13 h light and 11 h dark cycle. Embryos were collected by natural 
spawning and raised at 28.5°C in E3 solution according to standard protocols (Westerfield, 
2000). Zebrafish larvae of 12 days post-fertilisation (dpf) (n=3), juveniles of 1 month post-
fertilisation (mpf) (n=2) and adults of 3 mpf (n=2), corresponding to 3 developmental stages, 
were used in this study following an overnight starvation in order to reduce the amount of 
autofluorescence in the gut (Hedrera, 2013).  
 
Intrahepatic latex beads injection for labelling phagocytic property. We followed the 
zebrafish agarose embedding and injection methods previously described (Cheng, 2017; 
Morsch, 2017). In brief, once the fish were stabilised in a glass-bottomed Petri dish, a 
benchtop micromanipulator was used to deliver 2.8-5.2 nl (depending on the size of the fish) 
of a mixture of 1,000-, 100- and 55 nm sized latex beads (1:1:1 ratio, 28% solid concentration, 
Sulphate-modified polystyrene, Cat numbers L1528, L1148 and LB11, Sigma Aldrich, 
Australia) directly into the liver. For the juveniles and adult fish, care must be taken during 
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the needle insertion not cause substantial damage to the liver as the fish skin is thicker and 
needle insertion can be more resistant. For the adult fish, the skin opacity prevented 
visualisation of the liver under dissecting microscope but can be easily guessed.  
 
Sample preparation for correlative fluorescence and electron microscopy. Following 
injection, the bead mixture was left circulating for 45 mins before the zebrafish were drop-
fixed in a solution of 4% paraformaldehyde and 0.5% glutaraldehyde in buffer solution (0.1 
M sodium cacodylate buffer supplemented with 4% sucrose and 0.15 mM CaCl2). To ensure 
adequate fixation penetration and optimal sample preservation, the tail was cut off for the 
juveniles (1 mpf) and the liver was dissected out about 1 hr after initial fixation for the adults 
(3 mpf). All the samples were then further fixed overnight at 4°C and subsequently processed 
for electron microscopy using a protocol, which has been shown to provide optimum 
combination of in situ fluorescence retention and ultrastructural preservation of the zebrafish 
(Cheng, 2017), particularly of the liver. The samples were dehydrated in ethanol, en bloc 
stained with uranyl acetate solution (saturated with 50% ethanol) overnight, further 
dehydrated to 80% ethanol and finally embedded in LR White resin. Following 
polymerisation, the resin blocks were sectioned using an ultramicrotome (Ultracut 7, Leica 
Microsystems, Switzerland). For the larvae fish, consecutive cross-sections were generated 
throughout the entire liver by means of array tomography (Blumer, 2002; Micheva, 2007). 
Ribbons of 12 sections of 500 nm thick, followed by one section of 90 nm thick, were 
collected on square coverslips. Coverslips were previously coated with poly-L-lysine and 
glow discharged just preceding collection. The latter have been shown to improve section 
adherence and reduce sections wrinkles (Cheng, 2017). Routinely, one 500 nm-thick section 
was collected onto a glass slide and stained with 0.5% Toluidine blue to assess the general 
histology, preservation quality and orientation of the liver with brightfield light microscopy.  
 
Sample preparation for ultrastructural electron microscopy. Following injection, one fish 
from each developmental stage (larvae, juvenile and adult) were drop-fixed in a solution of 
4% paraformaldehyde and 0.5% glutaraldehyde in buffer solution (0.1 M sodium cacodylate 
buffer supplemented with 4% sucrose and 0.15 mM CaCl2). To ensure adequate fixation 
penetration and optimal sample preservation the tail was cut off for the juveniles (1 mpf), and 
the liver was dissected out about 1 hr after initial fixation for the adults (3 mpf). All the 
samples were then further fixed overnight at 4°C and subsequently processed for electron 
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microscopy using a protocol previously described (Cheng et al., 2016). 70 nm sections from 
the liver were generated using an ultramicrotome (Ultracut 7, Leica Microsystems, 
Switzerland) and imaged on a transmission electron microscope (TEM) (JEM-1400, JEOL, 
Japan), operating at 120 kV.  
 
Fluorescence microscopy. The coverslip containing the serial sections was loaded onto a 
ZEISS sample relocation holder (Zeiss Life Science Cover Glass 22 × 22 holder) and 
calibrated with the ZEN 2 software (Blue edition, the Shuttle & Find plugin) to allow for 
subsequent automated relocation of the section. For the quantitative analysis and to detect the 
overall presence and distribution of red fluorescent cells, one 500 nm-thick section per ribbon 
(equivalent to approximately every 6 µm) was observed under fluorescence microscopy 
(40x/0.95 objective, Axio Observer Z1). Anatomical compartments and organs were easily 
discernible due the slight background fluorescence originating from the sample itself (Cheng 
et al., 2017). Red fluorescent cells with a visibly rounded cytoplasm – containing a nucleus - 
were counted, manually, throughout the fish liver (n=3) to ensure the same cell would not be 
counted twice. The total liver volumes were measured using ImageJ: the liver on each section 
was manually traced and the surface area measured. The total volume corresponded to the 
total surface area times the section thickness (500 nm) times the image interval (6 µm). For 
ultrastructural characterisation of the red fluorescent cells by CM, every 90 nm section 
containing a red fluorescent cell within the liver was also imaged using fluorescence 
microscopy and the sections coordinates were recorded accordingly. Manual record of 
sections coordinates was also possible, if the Shuttle & Find plugin was not available ,by 
noting the ribbon number as the 90 nm section was always at one end of the ribbons.  
 
Scanning electron microscopy. To improve conductivity and contrast for SEM imaging, the 
tissue sections mounted on coverslips were post-stained with 2% aqueous uranyl acetate and 
Reynold’s lead citrate for 10 min each. In between each staining steps, distilled water was 
used to carefully rinse the coverslips to remove excess stain. Once air-dried, the coverslips 
were coated with a thin layer of evaporated carbon (approx. 15 nm) and next mounted onto 
aluminium stubs for SEM imaging (Sigma HD VP, Carl ZEISS, Australia). The 90 nm 
sections previously imaged under fluorescence microscopy were automatically relocated in 
the SEM and imaged in backscattered electron detector mode at an accelerating voltage of 15 
kV and working distance of 6 mm. The SEM image contrast was inverted to ease image 
interpretation. For correlative analysis, the fluorescent and SEM images were overlayed at 
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matching pixel resolution (Cheng, 2017) and the correlative image data presented in the 
figures were adjusted for brightness and contrast using Adobe Photoshop CS6 to ease 
visualisation (Sedgewick, 2008).  
 
Peroxidase staining for labelling macrophages peroxidase activity. To determine the 
presence of peroxidase activity in the macrophages, 500 nm sections across the liver were 
generated using an ultramicrotome (Ultracut 7, Leica Microsystems, Switzerland). The 
sections were collected on glass slide previously coated with poly-L-lysine and glow-
discharged, then let to dry. Once dried, the sections were incubated for 1 hr with 0.1% of 
3,3’-Diaminobenzidine Peroxidase Substrate (DAB) (SIGMAFASTTM DAB with Metal 
Enhancer, Lot # SLBF4765V) then further enhanced with 1% osmium tetroxide for 10 min. 
Sections were washed thoroughly with PBS in between staining steps. Fluorescent imaging 
was performed before DAB staining to locate the mpeg1 cells and brightfield imaging was 
performed after DAB staining to locate DAB stained structure, both using identical 
magnifications. Images were overlayed to identify and locate the DAB stained cells (darker 
in appearance).  
4 Results 
Fluorescence microscopy observations of liver macrophages: Live confocal imaging of 
mpeg1 zebrafish at 12 dpf revealed a large population of red fluorescent cells to be present in 
the fish, including the liver (Figure 1). In general, they all presented multiple long 
cytoplasmic extensions around a more rounded nucleus.  
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Figure 1: Overview of macrophages within the zebrafish larvae at 12 dpf. Images were taken from a fish lying 
sideways with the head on the left and the tail on the right (A). Bright field overview image of an mpeg1 zebrafish showing 
the orientation of the fish. The blue dotted line represents the approximate limits of the liver. (B) Fluorescent confocal 
microscopy maximum projection image overlayed with bright-field image at higher magnification of a 12 dpf mpeg1 
zebrafish around the liver area. The mpeg1 is a transgenic line of zebrafish which has specific red fluorescence targeted to 
macrophages. Macrophages often appear to adopt a stellate shape (C) with multiple processes tipped with pseudopodia. 
Total thickness of confocal dataset was 83 µm. Scale bars = 40 µm (B) and 10 µm (C).  
 
The sample preparation protocol applied herein was successful in retaining the in situ 
red fluorescence from mpeg1 cells for on-section imaging using electron microscopy. The red 
fluorescence was easily distinguishable from background fluorescence (originating from the 
aldehyde present in the initial fixative or due to the composition of the tissue itself), even on 
sections as thin as 90 nm (Figure 2). From the 500-nm thick sections across the entire liver 
organ, we manually counted an average of 31 macrophages in a total liver volume of 
1,249,233 µm3 (equivalent to 1 macrophage in every 41,088 µm3 of liver tissue or 3% of the 
liver volume) (Supplementary Information Table 1). The cells were generally sparsely 
dispersed, and we did not observe any preferential distribution within the organ.  
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Ultrastructural characterisation of liver macrophages: To determine the ultrastructural 
characteristics and sub-organ localisation of macrophages in the zebrafish liver, we located 
the mpeg1 cells present within the liver by fluorescence imaging then relocated them in back-
scattered SEM, using the Shuttle & Find automated system. We revealed that the red 
fluorescent mpeg1 cells were located in between hepatocytes and at the periphery of 
sinusoids and bile ducts (Figures 2 and 3).  
 
Figure 2: CLEM visualisation of a mpeg1 cell (red) within the liver of a zebrafish larve (12 dpf). Insert (top left): 
Wide-field fluorescent micrograph (mosaic) of a 90 nm resin embedded mpeg1 zebrafish larvae of 12 dpf, fixed and 
processed using a protocol whereby the in situ fluorescence was retained. The cross-section was generated across the liver 
organ whereby the oesophagus (Oes) and the liver (Liv) can be easily identified. Red fluorescent cells were sparsely present 
but were clearly distinguishable from the background fluorescence. The boxed area encloses a red fluorescent cell which was 
relocated in SEM. Large image: Overlayed wide-field fluorescence and back-scattered SEM images from the white boxed in 
the insert. The SEM image depicts cellular and intracellular details at high-resolution within the white boxed area. The 
overlayed image allowed to confidently locate the cell which exhibited red fluorescence between hepatocytes (Hep) and next 
to the sinusoid (Sin). The mpeg1 cell presented characteristic features of macrophages such as a large nucleus (N), numerous 
intracellular vesicles of various sizes (conceivably endosomes, lysosomes; indicated by the arrows), a perinuclear 
phagolysosome (P) and an irregularly-shaped elongated cell membrane (arrow heads). The protruding plasma membrane (or 
pseudopodia) of the macrophage were directed towards the sinusoid and were in close proximity to the endothelium. These 
extensions were thin, branched and occupied the space of Disse, a characteristic of macrophages that have been described in 
other teleost fish (Rocha, 1994). Scale bar = 2 µm.  
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Figure 3: Examples of the various shapes of macrophages in the zebrafish liver sections, as observed by CLEM. 
Overlays of fluorescence and back-scattered SEM images of mpeg1 cells in the zebrafish liver highlight the intrahepatic 
localisation (instead of within the sinusoids (Sin)), thin branch-like structure of the cytoplasmic extensions (or pseudopodia) 
and the inclusion of numerous small electron dense cytoplasmic vesicles, interpreted as lysosomes (arrows) as seen in (A). 
Hep: hepatocyte; Sin: sinusoid. Scale bars = 2 µm.  
 
Higher magnification SEM imaging showed that these cells possess an irregular shape, 
a large nucleus, numerous small dense cytoplasmic vesicles and a large perinuclear dense 
body. The irregular shape of the cells is particularly pronounced at the proximity of the 
sinusoids where long cytoplasmic extensions prominently project towards the sinusoid, 
occupying the space of Disse and nearly touching the endothelium (Figure 2). We did not 
encounter mpeg1 cells located within the liver sinusoids neither circulating within the blood 
nor anchored to the endothelium. Since ultrastructural preservation is not optimal using this 
protocol (and rather maintaining fluorescence), we further investigated the ultrastructure of 
liver macrophages with TEM using samples optimised for ultrastructure preservation. The 
ultrastructural information we obtained from our correlative fluorescence and electron 
microscopy study, along with previous work conducted by peers (Herbomel et al., 2001; 
Keightley et al., 2014; Lieschke et al., 2001) provided us with key ultrastructural information 
on liver macrophages (e.g. size, presence of pseudopodia, numerous lysosomes). We then 
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used these keys features as a basis to identify macrophages in the zebrafish liver at high-
resolution, without fluorescent markers (Figure 4). Large cells in between hepatocytes and at 
proximity of sinusoids and bile ducts that possess and irregular shape and pseudopodia, and 
containing numerous lysosomes and a large perinuclear phagolysosome, were identified as 
macrophages. Compared to hepatocytes, their cytoplasmic content is lighter, the lysosomes 
are numerous and of various sizes, and the pseudopodia are rich in cytoskeleton matrix. The 
macrophages interhepatic, perisinusoidal and periductal location was consistent from the 
juvenile up to the adult stage and increased in number with age.  
 
Figure 4: Overview of zebrafish liver macrophages in different developmental stages observed under TEM. The 
large electron-dense phagolysosomes (P) and numerous lysosomes (Ly) are characteristic features of macrophages making 
them easily identifiable. These cells are situated in between hepatocytes (Hep) and in close proximity to bile ducts (BD) and 
sinusoids (Sin) in the different developmental stages, from larvae (A) to juvenile (B-C) and adult (D). Scale bars = 2 µm.  
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Characterisation of phagocytosis function of liver macrophages: To evaluate the ability of 
liver macrophages to phagocytose foreign material, we injected a mixture of 3 sizes of latex 
beads directly into the hepatic system and monitored the possible uptake, concentration and 
behaviour in 7 fish (3 larvae, 2 juveniles and 2 adults). For the larvae, live confocal imaging 
alone could have been used to determine the latex beads uptake as they were visible under a 
confocal microscope (Figure 5). In fact, in the 3 experiments using larvae, live confocal 
microscopy showed beads present in the circulation and sometimes accumulating in the 
vicinity of the liver, but we could not conclusively determine whether the beads were within 
the liver or in the surrounding cavity or circulating, as liver boundaries were difficult to 
determine just by eye (Figure 5). For the juveniles and the adults, the fish were placed 
directly into fixative 45 min post-injection as confocal microscopy was not a viable option 
because of the thicker and pigmented skin of juvenile and adult fish. We therefore fixed these 
fish and processed them using a protocol which preserves the fluorescence within the fish for 
subsequent on-resin imaging.  
 
Figure 5: Overview distribution of latex bead in zebrafish .Confocal microscopy maximum projection image (A) 
and (B) 3D stack rotated to 30° were captured 10 min post injection. The blue doted lines mark the approximate limits of the 
liver. Beads can be seen as single or aggregates within the doted line but it is difficult to accurately determine whether they 
are within the liver or outside (in the body cavity, the skin or the surrounding circulation) even using 3D projection and 
rotating the model. Scale bar = 40 µm.  
 
Light microscopy observation of toluidine blue stained sections revealed good 
ultrastructural preservation of the liver organ. Inherent to the injection method, a site of 
injury is present within the liver of variable sizes within which signs of autolysis and beads 
can be observed. In the undamaged area of the liver, at least 3 cells away from the site of 
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injury, toluidine blue stained sections did not reveal cells or subcellular compartment(s) 
within the liver that incorporated latex beads. Instead, we observed the larger (1,000 nm) and 
the mid-size (100 nm) latex beads present within the hepatic sinusoids (the smaller ones, 55 
nm, are below the resolving power of light microscopy) (Figure 6).  
 
Figure 6: Localisation of injected latex beads in the zebrafish on toluidene blue stained sections. Bright field 
images show the presence of the larger latex beads (1,000 nm, black arrow) and the mid-size latex beads (100 nm, red arrow), 
both predominantly located within vessels around the kidney (A,B) and in the circulation within the liver (C,D). Latex beads 
were not identified within any cell type or other anatomical compartments within the liver. Scale bars = 10 µm (A,C) and 2 
µm (B,D).  
 
Imaging the 90-nm sections under fluorescence microscopy and back-scattered SEM 
within the liver from fish from all 3 developmental stages (for locating the 55 nm beads) did 
not reveal any areas within the liver that incorporated the latex beads. Although it was not 
possible to screen for the beads within other organs from the juvenile and adult fish (as they 
were dissected out), we screened the surrounding organs in the larvae, which were kept as 
whole during the processing. In these juvenile fish we located some latex beads in the 
circulation but more interestingly, we observed aggregations of beads in the vicinity of both 
the kidney and the basal viscera vein (Figure 7). In both areas, the beads were present within 
a compartment of elongated shape. By imaging the same area on subsequent sections, we 
eventually revealed that compartment to be the long cytoplasmic extension of cells: on the 
subsequent sections, we observed a nucleus, multiple vesicles and a cytoskeleton matrix 
present within a cytoplasmic matter enclosed by very elongated plasma membrane (Figure 8). 
While our injection method successfully incorporated the beads within the zebrafish 
circulation, the cells that ingested them were not located in the liver.  
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Figure 7: Localistion of latex beads within other organs of the zebrafish larvae. Images are back-scattered SEM 
micrographs from a 90 nm cross section through a 12 dpf zebrafish injected with a mixture of 1,000-, 100- and 55 nm latex 
beads and fixed 45 min after injection. High magnification SEM imaging around the renal area and the ventral vein of the 
fish revealed the presence of latex beads. The areas where latex beads accumulated were false coloured green for ease of 
visualisation: these structures have elongated shapes but no particular arrangement. These are suggested to be cytoplasmic 
extensions of macrophages residing in the kidney and the ventral venux plexus, both sites of haematopoiesis (Crowhurst et 
al., 2004). A-B: accumulation around the renal area. C: accumulation in the ventral area. Scale bars = 5 µm.  
 
 
Figure 8: Higher magnification of macrophages that have accumulated the injected latex beads. A: overview of a 
mpeg1 zebrafish in cross-section using fluorescence microscopy. Bright red fluorescence can be observed in specific areas. 
B: higher magnification of the boxed area in (A). Green line delineates the kidney and blue lines delineate the pronephric 
tubules within the kidney. Intense fluorescence is present within the pronephric tubules but those correspond to lipid 
vacuoles (as reported previously Noonan et al., 2016). C: high-magnification SEM image of a cell within the kidney area 
which has accumulated numerous latex beads (arrows) of approx. 1 µm in size. Structural compartment can be defined as a 
cell as a nucleus and vesicles can be seen within the cytoplasm, surrounded by a plasma membrane. Scale bar = 2 µm.  
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Peroxidase staining for labelling macrophages peroxidase activity: To determine the 
presence and localisation of peroxidase enzyme, we stained the sections with DAB. Using 
brightfield light microscopy, we located the presence of cells sparsely distributed within the 
liver (dark brown appearance). Fluorescence microscopy before DAB staining and overlaying 
the image with brightfield image of the same section after DAB staining revealed that the 
DAB-positive cells did not correspond to the mpeg1 cells and reciprocally, mpeg1 cells did 
not stain with DAB (Figure 9). This further support macrophages present in the liver do not 
possess a phagocytic ability as they do not exhibit peroxidase enzyme either and the wrong 
choice of bead size can be ruled out.  
 
 
Figure 9: Cross-sections of mpeg1 zebrafish across the liver were imaged using fluorescence microscopy followed 
by peroxidase staining and brightfield imaging to determine the localisation and identification of peroxidase positive-cells 
within the liver. A, fluorescent image showing an overview of macrophages (red) present in the mpeg1 zebrafish. 
Macrophages were found predominantly in the kidney area (B, D) and some in the liver (C, E). B and C are brightfield 
images of the boxed areas in A, after DAB peroxidase staining. D and E are higher magnification fluorescent images of B 
and C respectively. F is an overlayed image of C and E, and G of B and D, respectively. Although some cells have reacted to 
the peroxidase staining and appear dark brown (arrows), they did not correspond to the macrophages as they did not 
correlate with the red fluorescent cells. Although further examination would be necessary, the literature suggest they could 
be granulocytes (Lieschke et al., 2001). Scale bars = 5 µm. 
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5 Discussion 
In this study we used combinatorial labelling techniques with correlative microscopy (Jahn, 
2012; Su, 2010) to determine the presence, localisation and cellular structure of the red 
fluorescent cells present within the mpeg1 zebrafish liver (Figure 2). Not only was the 
protocol used successful in preserving endogenous fluorescence from the mpeg1 cells, it 
allowed accurate quantification and ultrastructural characterisation of the macrophages in the 
liver. We determined the macrophages present in the zebrafish liver to occur 5 times less (3% 
of total liver volume) compared to those found in rodents (15% of total liver volume) while 
their ultrastructural characteristics are highly similar. The macrophages identified in our 
transgenic line however lack a characteristic functional aspect as found in rodent 
macrophages, namely phagocytosis which could impair their use in hepatic immune-related 
diseases. 
Zebrafish macrophages originate from the anterior lateral plate mesoderm at around 
12 hours post-fertilisation (Onnebo et al., 2004). In the adult zebrafish, resident macrophages 
are observed in the kidney (site of haematopoiesis from 4 dpf) and the spleen while other 
macrophages have been reported to circulate in the blood, the brain, the spinal cord and the 
heart, among other organs (Menke et al., 2011). Liver macrophages in fish and rodents are 
described to be of a large irregularly shape with a well-developed Golgi apparatus, multiple 
cytoplasmic dense bodies of various sizes (lysosomes), and a large perinuclear dense vesicle, 
interpreted as a phagolysosome (Douglas and Tuluc, 2010; Hampton et al., 1987; Rocha et al., 
1994). When present in fish, macrophages were often reported to be difficult to find due to 
their low occurrence (Hampton et al., 1987; Sakano and Fujita, 1982). In the brown bullhead 
fish for example, another teleost fish, resident sinusoidal macrophages have been described 
based on ultrastructural and functional studies using latex beads injection and peroxidase 
staining (Hampton et al. 1987). In other teleost fish livers, such as catfish (Ferri, 1981), 
rainbow trout (Anderson and Mitchum, 1974) and brown trout (Rocha, 1997), liver 
macrophages have been described only based on morphological similarities. Although 
macrophages have also been previously reported in the zebrafish liver, it was mainly using 
histological staining and light microscopy techniques (Schwendinger-Schreck, 2013), which 
lack a degree of accuracy and resolution.  
Specific molecular markers encoding macrophage-restricted cell surface molecules 
and enzymes have been identified in the zebrafish and their mammalian counterparts, 
including l-plastin, draculin, fms and lysozyme (Bennett et al., 2001; Herbomel et al., 1999; 
Kalev-Zylinska et al., 2002; Parichy et al., 2000). Here, we took particularly advantage of the 
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mpeg1 transgenic zebrafish line, which has a red fluorescent protein (mCherry) expressed 
under a macrophage specific promoter (Ellett et al., 2011). This transgenic line has already 
proven to be very useful in the study of various macrophage-related studies such as innate 
immune system development, angiogenesis, and immune system responses: particularly for 
its specificity and segregated labelling from neutrophils (Gerri et al., 2017; Morsch et al., 
2015). Fluorescent markers facilitate the detection of small regions of interest within large 
volumes and high-throughput, using fluorescent microscopy (Cheng et al., 2017) (Figure 1). 
For quantitative analysis purposes, confocal microscopy alone on a whole animal was not 
sufficient as liver boundaries were difficult to draw precisely. Hence, in this study, we instead 
fixed the animals and processed them using a protocol previously described (Cheng et al., 
2017) to preserve in situ fluorescence and quantified the red fluorescent cells using wide-field 
fluorescence microscopy on resin sections. This method allowed imaging of regions of 
interest that were located deep within the tissue and, when combined with array tomography 
technique, we were able to image larger volumes at improved resolution (spatial resolution 
equivalent to the thickness of the resin sections) (Micheva et al., 2010).  
Our analysis on the distribution of liver macrophages was performed on 500-nm thick 
sections imaged every 6 µm that covered the entire liver (the approximate size of macrophage 
nucleus was 5 µm; see Figure 2). This analytical bio-imaging approach provided accumulated 
structure-function evidence that could not be otherwise obtained with one single microscopy 
tool alone (Loussert Fonta and Humbel, 2015). Of particular note, others used similar 
imaging approaches in zebrafish to study transient blood vessel fusion events (Armer et al., 
2009), autophagy (Hosseini et al., 2014), and to identify rare cell populations (Goudarzi et al., 
2015). Our cross-correlative observations provided a strong degree of confidence to 
determine the cells within the zebrafish liver that are mpeg1-positive and qualified as 
macrophages (Figures 2 and 3). Although we reported the occurrence of zebrafish liver 
macrophages to be 5 folds lower (3% total liver volume) compared to that found in rodents 
(15% of total liver volume), they exhibited similar morphology, such as a large irregular 
shape with cytoplasmic extensions and numerous cytoplasmic vesicles. Their location, a key 
aspect to identify Kupffer cells in rodents, was found to be different: in the zebrafish, 
macrophages were situated in between hepatocytes and at close proximity to sinusoids and 
bile ducts. This implicated that their role in clearing the blood may be altered or be less 
effective compared to Kupffer cells that are located within the liver sinusoids (Wisse, 1977). 
In order to confirm their functional properties, we applied a widely used latex beads injection 
method and peroxidase electron microscopy staining to label macrophages for their 
phagocytic activity. The results from both studies have been nonconforming: the beads were 
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left circulating for 45 mins before fixation: this time frame was chosen to ensure resident 
macrophages had taken up these beads. Mathias et al. (2009) determined that inflammatory 
macrophages responded 2 hr after injury while Crowhurst et al. (2004) showed phagocytosis 
uptake in macrophages to occur in as short as 10 min post-injury. We used latex beads of 3 
different sizes (1,000-, 100- and 55 nm) to cover possible preferential particle size uptake. 
Fish from 3 different development stages (larvae, juvenile and adult) were examined to cover 
for development differences and distinctive maturation stages. In rodents, the beads would be 
taken up by liver macrophages in as short as 20 min (Timmers et al., 2002). However, in our 
studies, despite our capacity to detect ‘rare’ cellular events or individual cells within large 
volumes, we were unable to detect liver macrophages that incorporated latex beads within the 
liver of our sampled animals (n=6 animals). Instead, we identified the beads within the 
circulation, the kidney and the ventral area within the larvae, indicating the successful 
application of our direct injection approach but no phagocytic uptake through liver 
macrophages. We did find beads within the sinusoids, in the circulation, of both the adult and 
juvenile fish. We conclude that the latex beads accumulated in the cytoplasmic extensions of 
macrophages present in the kidney and the ventral venus plexus, at least in the larvae stage, 
and this is in line with descriptions by Lieschke et al. (2001), who described these two areas 
were preferential areas of residence of macrophages in zebrafish. These observations were 
also in line with descriptions by Crowhurst et al. (2004) who administered carbon particles in 
zebrafish embryos of 2-3 dpf and located them 1 hr later within the ventral vein region. This 
region was suggested to be a possible site of production (or preferred site of residence for 
macrophages). On the other hand, Van Wettere (2013) and Schwendinger-Schreck (2013) 
suggested the liver macrophages commonly found in fish might play a similar role to Kupffer 
cells, in terms of phagocytosis of cellular debris due to their shared immunoreactivity 
responses. However, in our hands, none of the liver-associated macrophages took up any of 
the injected latex beads (1,000-, 100- nor 55 nm size) even up to the adult stage. To validate 
if the zebrafish liver macrophages possess any phagocytic function and to rule out the 
potential wrong choice of beads, we undertook a peroxidase staining to label peroxidase 
enzyme, the product of phagocytosis and confirmed in rodents and human (Deimann, 1984). 
In our studies, peroxidase staining also did not label the mpeg1 cells but instead labelled 
other cells, conceivably granulocytes as suggested by Lieschke et al. (2001). The lack of 
peroxidase activity is further supported by Onnebo et al. (2004) findings that indicated that 
macrophages in zebrafish were myeloperoxidase activity negative and a defined population 
of adult and embryonic zebrafish macrophages do not express this enzyme. Overall, the 
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results from our studies suggest that the liver macrophages we observed might not bear this 
unique phagocytic property and hence do not produce peroxidase enzyme.  
6 Conclusion 
Macrophages have been shown to play important roles in acute tissue injury (Zhang et al., 
2008) by removing cell debris from the circulation (Mathias, 2009), combating bacterial 
infection (Crowhurst et al., 2004) and tail fin regeneration (Li et al., 2012). The mpeg1 
zebrafish macrophage model in particular has been used extensively to study the structural 
and functional dynamics of macrophages in health and disease, particularly in the brain and 
spinal cord (Ellett et al., 2011; Morsch et al., 2015; Svahn et al., 2018).  
In this study, we have identified and characterised the presence of resident liver 
macrophages in the zebrafish. Interestingly, while we found that these macrophages express 
all the typical structural elements, their different localisation (not within liver sinusoids) was 
an indication their role in clearing the blood might not be maintained. Most importantly, we 
were unable to demonstrate the characteristic phagocytic function as observed in mammals 
and other teleost fish. This may suggest that the zebrafish liver macrophages are in an 
immature stage of genetic or phylogeny differentiation. This has important implications for 
future studies aiming at investigating liver toxicity, or studies that use zebrafish to model 
mammalian liver diseases. Further investigation will be highly beneficial to decipher the 
zebrafish adaptive immune system and how it compares to rodents. It will be interesting to 
learn how zebrafish deal with liver infection, inflammation and if they are more prone to 
diseases.  
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9 Supplementary Information 
Table 1: Quantitative analysis of red fluorescent cells (macrophages) present in mpeg1 zebrafish larvae liver at 12 
dpf. We manually counted on average 31 macrophages in the livers of 3 zebrafish from the 500 nm thick sections using 
wide-field fluorescence microscopy. The volume of liver measured equals the area of liver measured ✕ the section thickness 
(500 nm) ✕ the image interval (6 µm). Knowing the volume of a hepatocyte to be approx. 1221.6 µm3 (Cheng et al., 2016) 
and the average total liver volume to be 5 061 840 µm3, we deducted the macrophages to occupy ~ 3% of the liver.  
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CHAPTER 6: ON THE PECULIAR 
ULTRASTRUCTURAL OBSERVATIONS OF THE 
ZEBRAFISH LIVER 
A number of side experiments were performed during the design, development and fine-
tuning of the protocols and workflows described in Chapters 2 and 3. These experiments 
resulted in a number of ultrastructural observations that were not incorporated into the 
previous experimental chapters as they were not part of the original aims of this research. 
Therefore, this information was gathered and presented in the present chapter.  
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1 Introduction 
During the course of this PhD a number of interesting side observations were made that were 
not part of the original aims of this research. In particular, it was during the design, 
development and fine-tuning of the multimodal- and correlative imaging approaches — see, 
Chapters 2 and 3 — that we stumbled on hitherto undescribed ultrastructural information in 
zebrafish. The data selected and presented in this thesis chapter are important to report as 
they further contribute to the insights into the fine architecture of the zebrafish liver and the 
gastrodigestive system, including the neighbouring tissues and organs. We believe that this 
new ultrastructural information increases our understanding on the physiology and biology of 
the gastro digestive and hepatic systems. Briefly, novel data about the zebrafish liver organ to 
animal size ratio, overall systemic vasculature, hepatocyte structure at different ages and 
biliary network organisation will be presented and discussed.  
2 Materials and Methods  
Details on the experimental design and imaging techniques employed in this chapter are 
detailed in Chapters 2 and 3 (Cheng et al., 2017; Shami et al., 2017). Any variations in 
animal- and/or sample handling and/or image data acquisition were stated in the respective 
sections. 
3 Results 
3.1 Variations in zebrafish total size and organ size 
Animal age has been used as a standard unit to categorise zebrafish development stage and is 
commonly expressed in time post-fertilisation. However, it is well known that organ and 
whole animal sizes can vary significantly between animals of the same age. This is expected 
as individual fish development varies depending on group size, water quality and food supply. 
During embryonic development, rapid morphological changes occur and are not always 
easily observable. During embryonic stages, developmental stages are therefore classically 
defined as the time post-fertilisation (as this is always a known endpoint). This has then 
become a convention even for older fish and we also referred to the fish used in our 
experiments by their age post-fertilisation. However, as environmental factors (e.g. 
temperature, population density and water quality) (Singleman and Holtzman, 2014), genetic 
background of the fish and behavioural traits (dictated by risk of predation, resources 
availability and social environment) (Polverino G. et al., 2016) can affect the growth and 
maturation of fish, many researchers have started to adopt fish size and external 
Chapter 6  Zebrafish liver ultrastructure 
 125 
morphological traits such as skin pigments, tail fin, anal fin and dorsal fin morphology as a 
more reliable way of classifying developmental stages in the larvae, juvenile and adult 
zebrafish. 
From our micro-CT imaging and segmentation analysis on 12 dpf zebrafish (n=18), 
all deprived from additional food overnight and processed using the same protocol, we 
observed liver volumes varying between 2,512,500 to 1,496,952,473 µm3 with an average of 
386,794,310 µm3. The animal total length (measured from the tip of the mouth to the end of 
the tail) also varied within animals of the same age, from 3,645 to 5,520 µm with an average 
of 4,618 µm. These variations, detailed in Table 1, can often be considerable and visually 
apparent under a dissecting microscope. Measurements performed on an adult fish using 
micro-CT imaging showed the adult fish liver to measure approx. 33,879 mm3. In conclusion, 
from those observations, we also recommend to also take into consideration fertilisation stage 
together with the total length as a better readout if organ or fish development is the question 
of interest.  
Table 1: Measurements obtained from 12 dpf zebrafish larvae by means of micro-CT imaging and segmentation. 
Eighteen fish (ZF1 to ZF18) were analysed and ordered in increasing total lengths and respective liver volumes are presented. 
The data shows the variations in animal and organ sizes within fish of the same age and the non-linear variation of liver sizes 
in relation to total length.  
 
3.2 Liver vasculature 
The development of zebrafish vasculature has been studied in detail (Gore et al., 2012a) and 
maps on the vascular anatomy of the developing zebrafish are available online (Isogai et al., 
2001). Endothelial cells that make up the blood vessels can be easily visualised using the 
transgenic fli1a:egfp Casper zebrafish line (Lawson and Weinstein, 2002; Delov et al., 2014). 
These transparent transgenic zebrafish, deprived of skin pigments (Casper), possess a 
transgenic reporter expressing enhanced green fluorescent proteins (eGFP) under an 
endothelial cell specific promoter (fli1a). This transgene makes it convenient to visualise 
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endothelial cells that form the blood vessels, whereby the nucleus and the plasma membrane 
express this green fluorescent reporter (Figure 1). As described previously by Wilkins and 
Pack (2013), the liver of zebrafish presents two portal veins, present on either side of the 
ventral cranial midgut and the left portal vein was larger than right one. The portal veins 
originate from two separate sub-intestinal veins via which nutrient-rich blood is carried to the 
hepatic sinusoids (Gore et al., 2012b). 
Of particular note, liver sinusoids could not be well identified by confocal microscopy 
in the fli1a:egfp zebrafish. In fact, even at high-magnification, the smallest visible “green” 
vessels were in the order of 4 µm while sinusoids as small as 2 µm were observed using EM. 
However, 2 µm is well above the confocal microscopy resolution detection limit. Since the 
literature on the use of Tg(fli1a:eGFP) zebrafish for the study of liver sinusoidal vasculature 
is to-date still sparse, we predict that the LSECs do not express the transgenic reporter. In 
support of this, during live imaging of fli1a:egfp zebrafish following TexasRed-albumin 
injection (Chapter 4), we observed the localisation of albumin to match the green hepatic 
veins and arteries (larger vessels) but there was also a strong red fluorescent signal, forming a 
finer network, which did not match the green vessels (Figure 2). By elimination, the finer red 
network did not correspond to the hepatocytes due to the mesh-like appearance, nor did it 
correspond to the biliary system: in fact, although the bile is known to be autofluorescent, we 
did not observe this pattern in the fli1a:egfp fish nor in the control fish (WT and non-albumin 
injected fish) meaning the bile, in our experimental conditions does not exhibit detectable 
levels of fluorescence. Our study on the transport routes and distribution of albumin in the 
zebrafish liver in Chapter 4 demonstrated the albumin to be present in the sinusoids, the 
LSECs, the space of Disse and the hepatocytes. By elimination, we hypothesise this network 
corresponds to either liver sinusoids or LSECs and support the previous hypothesis that the 
LSECs in the fli1a:egfp transgenic fish may lack the transgene for expressing eGFP. 
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Figure 1: Live confocal maximum projection images of 12 dpf fli1a:egfp zebrafish liver, showing the endothelial 
cells of blood vessels (green). The more intense fluorescence represents the area of the nucleus with surrounding cytoplasm 
showing dimmer fluorescence. (A) shows an overview of the liver area, taken from the left side of the fish body with the 
head on the left and tail to the right. (B) shows a close-up of the hepatic veins (HV) and arteries (HA). (C) shows a close-up 
on the portal vein (PV) which bring nutrient-rich blood from the sub-intestinal veins to the liver. Imaging conditions: Leica 
SP5 confocal microscope, Leica Microsystems, Vienna and 10x objective. Scale bars = 100 µm (A) and 50 µm (B-C).  
 
Chapter 6  Zebrafish liver ultrastructure 
 128 
 
Figure 2: Live confocal image from a 12 dpf fli1a:egfp zebrafish following an intrahepatic injection of TexasRed-
albumin. The endothelial cells (green) mark the blood vessels and albumin (red) is seen within the blood vessels but also 
forming a finer network around the vessels. Red fluorescence present outside of the liver is a result of albumin leakage 
during injection and the blue dashed line represents the approximate outline of the liver. Imaging conditions: Leica SP5 
confocal microscope, Leica Microsystems, Vienna and 10 x objective. Scale bar = 30 µm.  
 
3.3 Hepatocytes  
Hepatocytes are highly dynamic cells and have a high metabolism: their intracellular content 
varies as a function of physiological conditions and neighbouring cells can also display 
significant differences in cellular content. In Chapter 3, we described the zebrafish hepatic 
cellular composition in detail: like in mammals, zebrafish hepatocytes possess a network of 
rough endoplasmic reticulum and Golgi apparatus, numerous mitochondria and lysosomes 
and glycogen, present in roughly circular granules, in addition to the nucleus. Bi-nuclear 
hepatocytes (often described in mammals) haven’t been observed in zebrafish. Of particular 
note, potassium ferrocyanide was used during the sample preparation protocol (Chapter 3) for 
multimodal multidimensional correlative ultrastructural analysis in order to retain glycogen, 
which would otherwise not have been preserved or stained (Boldoczki et al., 1978; 
Goldfischer et al., 1981). In our experimental studies from Chapters 4 and 5, the fish were 
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deprived from additional food overnight: this process has proven efficient in reducing 
autofluorescence from food remaining in the gut and facilitated live-imaging of the 
neighbouring liver. Additionally, this step reduced the amount of glycogen in the hepatocytes 
(Figure 4), which could not be retained in LR White resin (used for fluorescence retention) 
and therefore would have affected the quality of the resin sections (see Chapter 4). Care was 
taken to use fish before they were showing visual signs of starvation and stress, such as tail 
bend (Andrade et al., 2016; Zou et al., 2017). As a result of food deprivation, the hepatocytes 
imaged during those experiments were smaller and presented fewer lysosomes and lower 
amount of glycogen compared to hepatocytes from fish that were fed in the morning of our 
experiment day (see Figure 4). In fact, we measured the hepatocytes in our experiments to be 
3 times smaller (approx. 11.35 µm in maximum diameter compared to 35.69 µm 2-3 hours 
after being fed; n= 25 hepatocytes from 12 dpf fish). At 12 dpf, we also observed that 
hepatocytes seem to have reached their full size as no further increase (or decrease) in size 
was observed hepatocytes from an adult fish. It can therefore be assumed that any ongoing 
liver growth is rather due to an increase in cell number than a further growth of the 
hepatocytes themselves.  
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Figure 3: Low magnification overview of 12 dpf zebrafish liver section showing intracellular content discrepancies 
within neighbouring hepatocytes, independent of their distance from sinusoids or bile ducts. Some hepatocytes contain larger 
amount of glycogen(G) (falsed coloured green) compared to others that appears more exhausted of glycogen (false coloured 
blue) while some hepatocytes exhibit more lysosomes (Ly) (false coloured orange). Scale bar = 6 µm.  
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Figure 4: Transmission electron micrographs of 12 dpf zebrafish liver at different digestive stages. A: when the 
fish has been fed approx. 2 hours before fixation, the blood within the sinusoids (s) was enriched in nutrients originating 
from the digestion. The hepatocytes possesed few lysosomes (ly) and not much glycogen (g) was visible within the cells. B: 
about 5-6 hours after a feed, the zebrafish liver absorbed the nutrients from the digestion and the blood within the sinusoids 
was “clearer” and deprived of nutrients. Hepatocytes were filled with glycogen and large lysosomes. Sugar is stored in the 
form of glycogen within the hepatocytes and larger lysosomes were visible as they are responsible for endocytosing other 
nutrients. Following an overnight deprivation of food, hepatocytes content are similar to those seen in (A). Imaging 
conditions: JEM-1400 TEM (JEOL, Japan), 120 kV. Legend: BC: bile canaliculi; G: glycogen; Ly: lysosome; M: 
mitochondria; N: nucleus; S: sinusoid. Scale bar = 2 µm.  
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3.4 Biliary system  
Hepatocytes are responsible for the production of the bile that is transported via the biliary 
system to the gallbladder. The biliary system is composed of the bile canaliculi, a specialised 
invagination of the hepatocytes plasma membrane that connects to small duct cells that then 
anastomose into intrahepatic ducts and ultimately the main bile ducts to the gallbladder. Bile 
canaliculi present in zebrafish liver differ from that found in mammals (Figure 5). Instead of 
an invagination of opposing hepatocytes membranes to form a small microvillus “gap” in the 
order of 1 µm, in the zebrafish and other teleost fish, the bile canaliculus is formed by a deep 
invagination of the cell membrane from one hepatocyte and can measure up to 3 µm in 
diameter. Therefore, in a hepatic cross section, the bile canaliculi can be recognised within 
the cytoplasm as a hole in the cell filled with numerous microvilli.  
We studied this specialised membrane structure in 3D using array tomography and 
back-scattered SEM, whereby consecutive sections on a glass slide were imaged. The bile 
canaliculi and bile ducts were aligned, reconstructed, segmented using IMOD (Boulder Lab 
for 3D Electron Microscopy of Cells) and presented in Figure 6.  
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Figure 5: Organisation of biliary system. Top: Transmission electron micrographs demonstrating the different 
types of invagination of the hepatocytes plasma membrane to form the bile canaliculi (bc). In zebrafish (A), it is the 
membrane from a single hepatocytes that forms a deep invagination (up to 3 µm in diametre) while in rats (B), it is the 
opposing membranes from two hepatocytes that invaginate in the order of 1 µm in size. Bottom, C: 3D model showing the 
arrangement between a hepatocyte (blue) and a bile canaliculi (BC). The bile canaliculi is composed of numerous microvilli, 
forms like a dimple within the hepatocyte and is connected to the bile duct (BD). Imaging conditions: JEM-1400 TEM 
(JEOL, Japan), 120 kV. Scale bar = 1 µm. Abbreviations: BC: bile canaliculi; BD: bile duct; Hep: hepatocyte; N: nucleus; M: 
mitochondria.  
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Figure 6: Back-scattered scanning electron micrographs from zebrafish liver sections of 500 nm in thickness. Note 
that relevant micro-anatomical information was false-coloured for clarity purposes. (A) Overview of the liver showing two 
bile canaliculi (green): the one on the right forms like a “hole” within the cytoplasm while the one on the left is nearly 
connecting to a bile duct (orange). (B-G) Images from consecutive sections over the bile canaliculi from one hepatocyte: the 
bile canaliculi can be seen to open up and connect to a small bile duct cell before closing up again. Imaging conditions: 
Sigma HD SEM (ZEISS, Australia), 3.8 kV, working distance = 6.5 mm. Scale bars = 2 µm (A) and 4 µm (B-G).  
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4 Discussion 
In this chapter, we reported on the novel structural insights on the zebrafish liver, from its 
vasculature, its volume variations before and after a feed to the particular structural 
organisation of the bile canaliculi. While these findings have not been reported in the 
previous thesis chapters, they open up some interesting structural questions about the 
zebrafish liver: for example, structural organisation differences in the zebrafish bile canaliculi, 
which might have implications on its release pathway. We described herein injections as 
being an effective way to label even the fine details of the liver vasculature (that are not 
showing using the fli1:egfp transgenic zebrafish). Deprivation of food overnight was an 
effective, safe and simple way to reduce autofluorescence in the digestive system and helped 
retain EM preservation in the liver when fluorescence retention was required. In conclusion, 
our multimodal combined microscopy approach allowed us to collect new structure 
information that could be directly related to the function and the general physiology of 
zebrafish liver.  
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CHAPTER 7: GENERAL DISCUSSION 
The liver is a pivotal organ in our body because of its close contact with the exterior 
environment via the digestive tract and its multi-faceted physiological roles. It is prone to 
many diseases and any form of pathology affecting the liver would generally affect the entire 
body eventually. According to the Australian Bureau of Statistics (2017), liver-associated 
diseases killed over a thousand people in Australia in 2016 and scientists are determined to 
elucidate the architecture and role of each and every structure composing it. Finding new and 
alternative animal models to study liver diseases is a contemporary goal. Hence, this forms 
the foundation of the PhD thesis.  
In the past decade, the zebrafish has gained increasing popularity in the field of 
medical research, owing to its small size, transparent body and high fecundity. However, 
limited literature exists on its gastrodigestive fine structure which have limited its use in the 
fields of hepatic diseases studies such as polycystic liver disease, alcoholic liver disease, and 
non-alcoholic fatty liver disease (Pham et al., 2017). I have hence set forth to characterise the 
zebrafish gastrodigestive system in the finest details, with particular focus on the liver 
structure and function, and determine any structural or functional limitations of its use in a 
laboratory.  
The data collected in this thesis will deepen our understanding in hepatic fine 
structure and function to ultimately contribute to the search for alternative and novel 
treatment regimens to delay or cure liver-associated diseases. 
1 Sample preparation for ultrastructural preservation in zebrafish 
The technical challenges arose at the very beginning of the project included: How can I 
achieve good ultrastructural preservation for electron microscopy within all the organs of a 
whole animal with such a high water content? And, since each fish is different, how can I 
obtain the maximum amount of information from each of them?  
In fact, not only was the fish studied as a whole, but each organ had different 
osmolarity and density and the high water content in the fish meant that the initial fixative 
could be diluted and become less efficient. So, I first had to work out the best fixative 
solution and protocol. After numerous trials, I discovered that a mixture of 2.5 % 
glutaraldehyde + 4% paraformaldehyde in 0.2 M cacodylate buffer containing 4% sucrose 
and 0.15 mM CaCl2, pH 7.3, has proven the best. I also found that a maximum of 2 zebrafish 
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larvae can be fixed per mL of fixative. The buffer solution was carefully selected based on 
literature on sample preparation of fish samples for electron microscopy.  
I then established the workflow and protocol presented in Chapter 2 for high-
resolution ultrastructural imaging. The protocol, detailed in Table 1 below, was based on a 
protocol developed by the National Center for Microscopy and Imaging Research (NCMIR) 
(University of California, USA) for the imaging of biological tissues using serial block face 
scanning electron microscopy (Deerinck et al., 2010). Compared to the conventional 
osmium-only staining protocol, the NCMIR protocol consisted of multiple additional staining 
steps using heavy metals to enhance contrast and to alleviate charging during resin block face 
imaging in scanning electron microscopy (Shami et al., 2016). For my studies, I altered the 
initial fixative and buffer concentrations as well as pH to suit the zebrafish. In fact, these are 
known factors that contribute to osmotic effect (different in each animal species) and fixation 
quality (Bone and Denton, 1971). The samples processed following my optimised protocol 
presented optimum compromise between ultrastructural preservation and contrast, not only 
for electron microscopy (EM) but also for each of the previously mentioned imaging 
techniques, such as micro-computered tomography (micro-CT), light microscopy (LM), 
scanning electron microscopy (SEM) and transmission electron microscopy (TEM), 
including tomography (TET). In fact, the addition of heavy metals in biological samples has 
been previously shown to improve contrast in micro-CT (Wong et al., 2012). The 
improvement in preservation and contrast was also noticeable for the different organs within 
the zebrafish: despite the differences in osmolarities and water content within different 
organs and body parts in the zebrafish, good general ultrastructural preservation was 
maintained throughout the fish: this can be assessed from Figure 1, illustrating TEM images 
from the kidney, the spinal cord, the muscle as well as the spleen. The aforementioned 
benefits (good contrast and preservation across the whole fish) further support this protocol’s 
versatility for the study of different parts of the zebrafish animal, meaning this protocol can 
benefit many zebrafish researchers within the community. Development of this protocol in 
fact has already been proven useful, with slight modifications (e.g. concentration of fixative 
and buffer compositions and pH), in other animal models such as rodents (Morsch et al., 
2018; Shami et al., 2017).  
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Table 1: Detailed outline summarising the protocol for the sample preparation of zebrafish larvae for multimodal 
ultrastructural studies, including micro-CT, LM, SEM, TEM and TET. 
 
 
Zebrafish sample preparation protocol 
For multimodal ultrastructural studies 
1 Reagents 
• Cacodylate buffer stock solution (0.1 M, pH 7.4):  8% sucrose + 0.3 mM CaCl2 in 0.2 M cacodylate buffer (pH 7.3) 
• Washing buffer:  4% sucrose + 0.15 mM CaCl2 in 0.1M cacodylate buffer stock solution  
• Fixative solution: 2.5% glutaraldehyde and 4% paraformaldehyde in 0.2 M cacodylate buffer stock solution  
• 2% aqueous osmium tetroxide in 0.1 M cacodylate buffer stock solution 
• 1% aqueous thiocarbohydrazide (TCH) 
• Walton’s lead aspartate  
• 1% aqueous uranyl acetate  
• 3% potassium ferricyanide  
• Epon resin 
2 Fixation 
i. Immerse fix in freshly prepared fixative solution for an hour at room temperature 
ii. Change to fresh fixative and further fix for overnight at 4q 
iii. Wash two or three times for 5 min each with washing buffer 
3 En bloc staining 
i. Post-fix with 2% osmium + 3% potassium ferrocyanide for 2 hr at 4q 
ii. Wash two or three times for 5 min each with washing buffer 
iii. Incubate in 1% TCH for 20 min at room temperature 
iv. Wash two or three times for 5 min each with washing buffer 
v. Incubate in 2% osmium for 20 min in the dark at room temperature 
vi. Wash two or three times for 5 min each with washing buffer 
vii. Incubate with 1% uranyl acetate overnight at 4q 
viii. Wash two or three times for 5 min each with distilled water 
ix. Incubate with Walton’s lead aspartate for 30 min at 60q 
x. Wash two or three times for 5 min each with distilled water 
4 Dehydration 
i. Dehydrate in 30% ethanol for 10 min 
ii. Change to 50% ethanol and dehydrate for 10 min 
iii. Change to 70% ethanol and dehydrate for 15 min 
iv. Change to 80% ethanol and dehydrate for 30 min 
v. Change to 90% ethanol and dehydrate for 30 min 
vi. Change to 100% ethanol and dehydrate for 2x30 min 
5 Resin infiltration  
i. Infiltrate in 25% epon resin for 1 hr 
ii. Change to 50% epon resin and infiltrate for 1 – 2 hr 
iii. Change to 75% epon resin and infiltrate for 1 – 2 hr 
iv. Change to 100% epon resin and infiltrate for 1 -2 hr 
v. Change to fresh 100% epon resin and infiltrate overnight 
6 Sample embedding and polymerisation 
i. Fill embedding mould with fresh 100% epon resin and embed sample in desired orientation 
ii. Polymerise resin overnight at 60q 
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Although the protocol itself is lengthier and more reagents are needed, it highly 
benefits samples that are either rare or precious in nature. It further allows flexibility in the 
workflow (e.g. if the imaging technique has not yet been decided on or if multiple imaging 
techniques will be applied in order to get as much morphological information out of the 
sample as possible). This protocol also facilitates the relocation of small areas (intracellular 
compartments, down to 30 nm2) within much larger volumes (up to 1 mm3) of the same 
sample, as the sample can be imaged across imaging platforms of increasing resolution to 
progressively keep track of the area of interest.  
 
 
Figure 1: Transmission electron micrographs, overview and higher magnification close-ups (inserts), from 
different organs within the zebrafish to highlight the overall preservation quality across the whole animal. Note the 
presrvation quality from basement membrane within the kidney glomerulus filtration unit (A), the cytoskeleton and synaptic 
vesicles from neurones within the spinal cord (B), the actin fibres from the muscle (C) and the organelles from a immune 
cells within the spleen (D). Inserts are higher magnification images. Scale bars = 1 µm (overviews) and 0.2 µm (inserts).  
 
Using this protocol, I developed a workflow for imaging the zebrafish digestive 
system, using a range of microscopy techniques, namely the micro-CT, LM, SEM, TEM and 
TET (Figure 2). In short, it goes from the less to the most-destructive technique and from the 
larger to the smaller imaging scale. Imaging the same sample on different platforms at 
different scales and dimensions provided an extended range of contextual information in 
relation to the specific cellular ultrastructure. This includes overall animal size and organ 
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volume using micro-CT, animal physiological state using live imaging, and organ metabolic 
state using LM. All of these are crucial factors that can provide more accurate interpretation 
of the outcomes of any experiments conducted on whole animal. One specific example is that 
this workflow has already been adapted in the field of cardiovascular research: traditionally 
researchers used echocardiography to measure heart chambers volume changes in dilated 
cardiomyopathy modelled zebrafish hearts (Levine et al., 1984). I applied instead a 
combination of micro-CT and SEM or TEM approaches to determine heart chambers volume 
changes (determined by micro-CT) as a function of contractile stage based on sarcomere 
length (determined by SEM) (Huttner et al., 2017). 
 
 
Figure 2: Correlative imaging workflow using a range of microscopy techniques, including micro-CT, LM, SEM, 
TEM and TET to visualise the cellular structures from the microscale to the nanoscale. Abbreviations: BSEM: back-
scattered scanning electorn microscopy; FeCN: potassium ferrocyanide; Glut: glutaraldehyde; LM: light microscopy; OsO4: 
osmium tetroxide; PFA: paraformaldehyde; SBF-SEM: serial block face-scanning electron microscopy; TCH: 
thiocarbohydrazide; TEM: transmission electron microscopy; TET: transmission electron tomography; UA: uranyl acetate.  
 
One of the major challenges in correlative microscopy is the ability to correlate data 
from imaging platforms with large differences in resolution or fields of view (e.g. live 
imaging and TEM) or to relocate a small feature within a much larger volume (e.g. a portal 
vein within a liver biopsy), particularly during sectioning for EM (Howes et al., 2018; 
Müller-Reichert and Verkade, 2012). Relocation within ‘flat’ samples, such as cell 
monolayers or vibratome tissue sections, was facilitated by the development of relocation 
patterns either engraved or carbon-coated onto the sample support medium (Kobayashi et al., 
2012), special relocation grids or stubs (Geissinger, 1974), or even automated systems such 
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as the Shuttle & Find (ZEISS, 2018). However, for multicellular organisms, this remained 
challenging due to the area of interest often hidden deep within the tissue. Researchers 
conventionally had to go through the tedious process of sample alignment on the 
ultramicrotome to retrieve the region of interest, based on anatomical landmarks. This 
process was lengthy and required in-depth knowledge of the histology and anatomy of the 
tissue surrounding the area of interest. This hurdle can be encompassed by micro-CT imaging 
of the sample resin block and extracting accurate coordinates on the orientation and 
localisation of the ROI within the resin block. This information then can be translated during 
sectioning on the ultramicrotome (Burnett et al., 2014; Handschuh et al., 2013; Sengle et al., 
2013; Shami et al., 2017).  
The versatility of the workflow and protocol presented herein opens up additional 
opportunities to acquire supplementary contextual information on a single sample using 
multiple imaging platform, which contribute not only to an ease in the relocation of an area of 
interest within a whole animal or large sample but also to a better understanding and a more 
accurate interpretation of the experimental results. 
2 Sample preparation for in situ fluorescence retention in zebrafish 
The next challenge came when setting off to study the hepatic functions of the zebrafish. 
Being able to correlate structural with functional information is a key aspect in understanding 
physiological and pathological mechanisms in an organism. Specifically, I wanted to study 
the molecular uptake and cellular transport of albumin as well as to characterise the 
macrophages in the zebrafish liver.  
Routinely, fluorescent dyes are used within an organism to study cellular mechanisms 
by visualisation and tracking using fluorescent microscopy (Kobayashi et al., 2012). 
Moreover, with novel genetic tools becoming available, fluorescent transgenic animals, 
including zebrafish, have gained popularity in the field of medical research to provide 
insights from a whole (living) animal perspective (Delov et al., 2014; Wei, 1997). 
Traditionally, researchers would image the sample live, process the sample for EM and then 
relocate the area of interest using anatomical or cellular landmarks (in order to study the 
structure of the live-captured phenomena). However, relocating the area of interest in EM has 
proven challenging, due to the limitations explained above (e.g. difference in resolution 
between imaging platforms or finding a small area of interest within a larger volume), as well 
as sample movement and volume changes during processing (particularly dehydration). One 
way to overcome these limitations is by preserving the fluorescence within the sample, so it 
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can be imaged later within the resin (Hyde et al., 2003). How can I preserve fluorescence and 
ultrastructure within the zebrafish for correlative microscopy analysis? In fact, this was one 
of the most challenging aspect in the preparation of samples for correlative microscopy as 
retaining fluorescence often meant compromising ultrastructure preservation. Key aspects for 
the preservation of endogenous fluorescence within biological samples have been determined 
by many research labs and extensively reviewed by Kukulski et al. (2012): these include type 
and concentration of fixative (high-pressure freezing, < 0.5% glutaraldehyde or < 4% 
paraformaldehyde only), type of heavy metal stains (uranyl acetate), type of embedding 
media (LR white, GMA, HM20 resins) and resin polymerisation methods (UV, cold cure). 
Based on these key aspects and previous protocols, I developed a protocol for the retention of 
endogenous and exogenous fluorescence proteins within the zebrafish with sufficient 
ultrastructural preservation suitable for EM imaging. It has taken more than 8 trial protocols 
and workflows to establish the one presented in this thesis. While different protocols were 
already available for retaining fluorescence in-resin, these were generally applied on tissue 
biopsies and vibratome sections (Moore et al., 2016). Whole animals provide their own 
challenges, usually due to larger sizes and heterogeneity of tissues.  
High-pressure freezing is often the method of choice as it provides automated and 
good quality fixation over the entire sample (Kukulski et al., 2012; Verkade, 2008). However, 
this was not a viable method for my study due to sample size incompatibility (> 200 µm) 
(McDonald, 2009, 2007; McDonald et al., 2010). Instead, I used conventional aldehyde 
fixation, partial dehydration (up to 80% ethanol) and LR white resin embedding (see Table 2 
below): the fluorescence retention level on resin sections was strong enough to be still 
detectable on sections as thin as 90 nm. Although, I was still able to detect fluorescence 
signal from the sections 3 - 4 days after sectioning, I recommend imaging soon after 
sectioning for optimum results, particularly for analytical purposes as the fluorescence signal 
levels vary depending on storage conditions.  
When this protocol was combined with array tomography, 4 main advantages stood 
out: 1) Ability to image larger volumes in 3D, for example the entire zebrafish liver in my 
study, or neuronal circuits in human and rodent brains (Kay et al., 2013; Micheva and Smith, 
2007); 2) Improved spatial resolution equivalent to the sample thickness (down to 90 nm); 3) 
Localisation of small region of interest within a large volume, since all the sections are 
retained, and 4) Correlation with back-scattered SEM. Although the ultrastructure 
preservation can be considered slightly poorer compared to high-pressure frozen samples, the 
sample preparation workflow outlined in this thesis was sufficient to depict subcellular 
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details such as microvilli and lysosomes in my correlative microscopy studies (Chapters 4 
and 5).  
This protocol will highly benefit zebrafish researchers in order to provide 
ultrastructural details of fluorescently-labelled cells or subcellular structures even when their 
occurrence is very low (combination with array tomography) or when fluorescence 
quantification at the nanoscale level is desired (correlative fluorescence and SEM). For 
example, with the combined use of an automated relocation system (e.g. Shuttle & Find), it 
was possible to produce serial sections across the entire zebrafish liver (~200 sections of 500 
nm) and subsequently image them under fluorescence and BSEM within a day. 
Chapter 7  General discussion 
 145 
Table 2: Detailed outline summarising the protocol for the sample preparation of zebrafish larvae for in situ 
fluorescence retention and adequate electron microscopy preservation.  
 
3 The zebrafish liver structure and function 
Using the protocol and workflow presented in Table 1 and Figure 2, I studied the liver from 
the whole organ to the subcellular level in 12 dpf zebrafish. The age was chosen for practical 
and functional reasons: after 6 dpf, the zebrafish digestive system is fully functional (Menke 
et al., 2011; Trotter et al., 2009) and at 12 dpf, the zebrafish was still optically transparent, 
large enough (approx. 4.5 mm) to be more easily handled and small enough to be fixed 
processed as a whole. All ultrastructural information gathered in 2D and 3D was compared to 
the well-established human and rodent models (Chapter 3). Although the zebrafish liver is 
2,307,000 times smaller than the rodent liver (Qin et al., 1990), 26,650,000 times smaller 
 
Zebrafish sample preparation protocol 
For in situ fluorescence retention and correlative fluorescence and electron microscopy studies 
1 Reagents 
• Cacodylate buffer stock solution:  8% sucrose + 0.3 mM CaCl2 in 0.2 M cacodylate buffer (pH 7.3) 
• Washing buffer:  4% sucrose + 0.15 mM CaCl2 in 0.1M cacodylate buffer stock solution  
• Fixative solution: 0.1% glutaraldehyde and 4% paraformaldehyde in 0.2 M cacodylate buffer stock solution  
• 2% uranyl acetate in 50% ethanol 
• Ethanol 
• LR white resin 
2 Fixation 
i. Immerse fix in freshly prepared fixative solution for an hour at room temperature 
ii. Change to fresh fixative and further fix for overnight at 4q 
iii. Wash two or three times for 5 min each with washing buffer 
3 Dehydration 
i. Dehydrate in 30% ethanol for 10 min at 4q 
ii. Change to 50% ethanol and dehydrate for 10 min at 4q 
iii. Change to 2% uranyl acetate in 50% ethanol and incubate overnight at 4q 
iv. Change to 70% ethanol and dehydrate for 15 min at 4q 
v. Change to 80% ethanol and dehydrate for 15 min at 4q 
4 Resin infiltration  
i. Infiltrate in 25% LR white resin for 2 hr 
ii. Change to 50% LR white resin and infiltrate for 2 hr 
iii. Change to 75% LR white resin and infiltrate for 2 hr 
iv. Change to 100% LR white resin and infiltrate for 8 hr 
v. Change to fresh 100% LR white resin and infiltrate overnight 
5 Sample embedding and polymerisation 
i. Fill embedding mould with fresh 100% LR white resin and embed sample in desired orientation 
ii. Seal mould from air (e.g. using Aclar film or Thermanox) 
iii. Polymerise resin overnight at 50q 
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than the human liver (Hausken et al., 1998), and the hepatocytes organisation differs between 
rodent/human (lobular) and zebrafish (tubular), sub-organs such as liver sinusoidal unit and 
biliary system, cellular and sub-cellular ultrastructure and composition were very comparable 
(Chapter 3).  
In this thesis, I took a particular interest in the zebrafish liver sinusoidal unit. In fact, 
the liver sinusoidal unit plays a pivotal role in homeostasis by controlling macromolecular 
exchange between the hepatocyte and the blood (Vekemans and Braet, 2005). This role is 
warranted by its architecture comprised of a fenestrated endothelial lining opposing the 
hepatocytes microvilli and separated by the space of Disse and the cellular transport role 
performed by each of these elements (e.g. pinocytosis, free-passage, receptor-mediated 
endocytosis) (Braet and Wisse, 2002; De Zanger and Wisse, 1982).  
Numerous studies have reported the use of the zebrafish to examine lipid transport 
and uptake in the digestive system and the liver, as dysfunction of the latter can lead to 
hepatic steatosis and diseases such as alcoholic liver disease or non-alcoholic fatty liver 
disease (Dai et al., 2015; Pham et al., 2017). The work was commonly performed using 
commercially available fluorescent lipid analogues such as PED6, BODIPY or cholesterol 
that were added to the water to visualise uptake and processing in living fish (Hama et al., 
2009). However, although this method was easy to perform, it was limited to the visualisation 
of overall digestive organ function and is prone to adverse systemic effects that can be 
induced by stress, uptake by other organs or environmental factors (MacRae and Peterson, 
2003). Consequently, the method of choice for liver studies in zebrafish remained the local 
deposition of the supra-molecular compounds, bioactive compounds or cells at the organ of 
interest (as applied in rodents) (Canet and Cherrington, 2014).  
Thus, I developed an injection method to deposit fluorescently-labelled albumin 
directly into the zebrafish liver and established a protocol to: 1) visualise the fluorescent 
albumin in the living fish; and, 2) correlate the live-imaging data with the exact anatomical 
localisation of the protein and its concentration at the nanometre-scale and at any given time 
(detailed in Chapter 2). Albumin was chosen because of its growing popularity as a protein-
based drug carrier in the field of pharmaceutics (Park, 2012; Sleep et al., 2013; Wunder et al., 
2003) and our strong knowledge of albumin pathway in mammalian liver molecular transport 
studies (Merlot et al., 2014).  
My analysis strongly supports the albumin uptake pathway in the zebrafish to be very 
comparable rodents (e.g. initial uptake by the LSECs through pinocytosis, free passage to the 
space of Disse and uptake by hepatocytes by receptor-mediated endocytosis). Moreover, I 
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noticed this albumin injection method can also be applied to study neutrophil albumin uptake 
post injury (discussed in Chapter 6) as well as the study of excess albumin recycling by the 
kidney (discussed in Chapter 2.2).  
 
The second functional aspect of the liver I studied was its immune system and more 
particularly the presence and role of hepatic macrophages. In the mammalian liver, Kupffer 
cells are scavenger cells known to play an important role in both innate and adaptive 
immunity. These liver-associated resident macrophages have been extensively studied in 
mammals (Dixon et al., 2013; Smedsrød et al., 1994; Tsutsui and Nishiguchi, 2014; Wardle, 
1987). From the teleost fish group, the bullhead fish was described to possess resident liver 
sinusoidal macrophages that are both phagocytic-active and peroxidase-positive (shown via 
latex beads injection and peroxidase staining; Hampton et al., 1987). However, discrepancies 
in the zebrafish literature exist: while some report on shared immunoreactivity between 
macrophages in the zebrafish and rodents (Schwendinger-Schreck, 2013), while others 
instead reported on their non-phagocytic and myeloperoxidase aspects (Lieschke et al., 2001). 
These variations are conceivably due to the relatively young field or lack of studies 
performed on juveniles or adults (as the majority of the research is performed on embryos) 
(Chu and Sadler, 2009) or the sparse occurrence of these cells (Hampton et al., 1987; Sakano 
and Fujita, 1982). These open questions encouraged us to evaluate if zebrafish can be used as 
a model system to study immune responses in the liver. To do this I first aimed to identify if 
these macrophages are present in the zebrafish liver, how they are distributed, and what 
ultrastructural and functional aspects of macrophages, as found in rodents and human, were 
retained.  
Since many have reported the sparse presence of liver macrophages in the teleost fish 
liver (Hampton et al., 1987; Sakano and Fujita, 1982), I exploited a transgenic zebrafish line 
(mpeg1; Ellett et al., 2011). I then applied correlative microscopy in order to locate this rare 
cell population (macrophages) within the large volume of the entire liver. The mpeg1 
transgenic zebrafish line expresses a transgenic reporter (red fluorescence protein mCherry) 
under a macrophage/microglia specific promoter. I also applied two methods commonly used 
in rodents and fish, namely injection of latex beads and peroxidase staining, to label 
macrophages by their phagocytic and peroxidase activity respectively (Crowhurst et al., 2004; 
Hampton et al., 1987; Warnock et al., 1987).  
From my ultrastructural and functional studies, I made a number of observations that 
lead to a hypothesis that the macrophages present in the zebrafish liver may not fulfil all the 
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roles as reported for Kupffer cells in mammals (e.g. clearing of blood from foreign 
particulates and act as first-line of defence in the liver). The macrophages I identified 
displayed similar morphologies (presence of phagolysosome, numerous lysosome and 
pseudopodia) but were located in-between hepatocytes, instead of within the sinusoids (as 
described for rodents/mammals). This localisation is not a favourable aspect for blood 
clearance as they are not in direct contact with the blood. Also, my studies suggest that 
macrophages present in the zebrafish liver are phagocytose-inactive, and I also confirmed by 
peroxidase staining that mpeg1 cells in the liver also lack myeloperoxidase activity, both 
findings being in line with those from Lieschke et al. (2001).  
In rodents, LSECs play an important role in taking up foreign particles (e.g. cell 
debris, bacteria, cancer cells) and substances from the blood (Naito and Wisse, 1978). 
Although it was not the focus of my experiments, I have not observed latex beads (even as 
small as 55 nm) being taken up by these cells.  
 
Using the aforementioned workflows, I successfully demonstrated similarities and 
differences, and revealed novel structural and functional aspects, between the liver of 
zebrafish and that of rodent and human. These are important pieces that will help positioning 
the zebrafish as an experimental model for hepatic studies and determine its suitability as in 
hepatic diseases studies. Based on my findings, the zebrafish is a viable animal model for 
studies such as hepatic development (Wilkins and Pack, 2013) and liver angiogenesis 
(Chávez et al., 2016). Additionally, my multi-dimensional and multi-modal imaging 
workflow provides the ability to image a single sample using different imaging platforms. 
This can be used to assess morphological changes in different metabolic conditions (Chu and 
Sadler, 2009; Wilkins and Pack, 2013), liver diseases or liver regeneration (Alison and Lin, 
2016), and further providing contextual morphological information on the sample. Our 
functional analysis results show similarities in the uptake pathway of albumin compared to 
rodents and mammals, and therefore support zebrafish as a viable experimental model for 
albumin-based drug delivery studies to the liver. This method can easily be applied to 
different macromolecules, including fatty acid to study liver steatosis (Bradbury, 2006) or 
glucose to study type 2 diabetes (Moore et al., 2012). Our approach allows qualitative and 
quantitative assessment of injected fluorescent substances at highly improved resolution, in 
3D and across the entire liver in a less tedious and semi-automated manner. However, the 
lack of some of the major macrophage functions such as phagocytosis and peroxidase activity 
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may limit the use of the zebrafish for the study of hepatic immune-related functions such as 
inflammation, infection and cancerous tumour progression.  
4 Future outlook  
While this thesis has answered many of my original questions, it also opened up new avenues 
for future studies. For example, further studies on the liver vasculature organisation and 
blood flow will provide a very interesting research avenue as intrahepatic blood flow is 
known to have a major influence on hepatic tumor cell metastasis (Chambers et al., 2002). 
My albumin transport studies revealed a great potential for albumin-based drug 
delivery studies in zebrafish liver because of the shared uptake pathway with rodents. 
Albumin has gained an increasing popularity as a drug carrier (Kratz, 2008; Sleep et al., 2013; 
Wunder et al., 2003) and a similar uptake pathway in zebrafish may provide an important and 
complementary animal model for high-throughput pre-selection of new potential (albumin-
based) drugs before proceeding on rodents. The injection method and processing could 
benefit from further investigations: in my study, albumin was injected in excess amount, seen 
as albumin undergoing recycling by the kidney. By fine-tuning the amount and concentration 
of injected albumin, we could avoid or reduce this excess. In fact, “the efficacy of a 
therapeutic drug relies on the drug accumulation at the site of action at therapeutic levels” 
and excess would be associated with higher cost and reduced efficiency as well as increased 
systemic effects.  
Furthermore, to-date only a few studies have reported on the zebrafish gut-liver 
immunity and most of them describe genetic modulations in diseases (Wu et al., 2016) or 
compare metabolic states in disease (Forn-Cuní et al., 2015). Since liver immunity is an 
important aspect of the mammalian hepatic function, it became imperative to gain a better 
understanding of the zebrafish liver adaptive immune capacity. The presence of macrophages 
in the liver, their potential differences in cancer invasion and metastasis (Dandekar et al., 
2011), the recruitment mechanisms to sites of injury and their function would highly benefit 
the field of immunology. This is even more so important since 3 established oncogene 
transgenic zebrafish lines exist and are currently being used routinely in laboratories as liver 
cancer models (Zheng et al., 2014) and 4 establisehd lines exist for non-alcoholic fatty liver 
disease studies (Gut, 2017), Since fibroblasts (i.e. stellate cells) and granulocytes have 
already been identified in the zebrafish liver (Yin et al., 2012), it would also be interesting to 
determine if those cells could compensate for the lack of phagocytic function of the 
macrophages, as seen in my studies, when fighting for diseases or clearing the blood. Pit cells 
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(i.e. liver associated natural killer cells) form an important component of the innate immune 
system and are the first line of defence against invading tumor cells (Peng, 2016). From my 
experiments, we have not identified pit cells in the liver of zebrafish. This could be due to 
their very sparse presence (rarer than macrophages) and their future study could hopefully 
benefit from the protocol and workflow we have established in this thesis for the 
investigation and localisation of rare cells in the whole zebrafish liver (Chapters 2, 4 and 5).  
5 Conclusion 
Overall, my studies have contributed to the basic knowledge of the healthy zebrafish liver 
anatomy, took an in-depth look into hepatic cellular transport routes, and provided insights 
into the hepatic immune system. In the field of gastroenterology and hepatology, it is of 
crucial importance to have a good model in place to study the various physiological and 
pathophysiological aspects of the hepatic and systemic functions. It allows the study of 
cellular and physiological mechanisms in a time- and cost-efficient manner, ultimately 
contributing to a better understanding of the liver functions. By comparing my findings with 
rodent and human counterparts, I have determined the similarities and differences that have a 
strong impact in determining whether the zebrafish is the best experimental animal of choice 
for a particular biomedical study. This basic understanding of the structural design of the 
zebrafish liver has important implications considering the translational aspect of the high-
throughput zebrafish model (Liedtke et al., 2013; Rahman and Hodgson, 2000; Wallace et al., 
2015) and will make an important contribution for future studies elucidating pathological 
changes that may occur during disease.  
The insights from this thesis and future work on the architecture of the zebrafish liver 
will help determine the precise advantages and disadvantages that a zebrafish experimental 
model may hold in the different fields of hepatic research.  
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